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PREFACE

This investigation, sponsored by the Federal Emergency Management Agency

(FEMA), under Interagency Agreement No. E87830072, and by the Defense Nuclear

Agency (DNA) under Subtask Y99QAXSC, Work Unit 00080, "Keyworker Shelter," was

conducted by personnel of the Structures Laboratory (SL), US Army Engineer

Waterways Experiment Station (WES) during the period March 1983 through Jan-

uary 1984.

This study was performed under the general supervision of Messrs. Bryant

Mather, Chief, SL, and J. T. Ballard, Assistant Chief, S... and under the di-

rect supervision of Dr. Jimmy P. Balsara, Chief, Structural Mechanics Division

(SMD), SL. Dr. S. A. Kiger was project manager for this research. This re-

port was prepared by Messrs. T. R. Slawson, F. D. Dallriva, and Dr. S. A.

Kiger, SMD, and by Mr. H. M. Taylor, Jr., Geotechnical Laboratory, WES.

Mr. Tom Provenzano, FEMA, and Dr. Kent Goering, DNA, were the program

monitors.

COL Tilford C. Creel, CE, and COL Robert C. Lee, CE, were Commanders and

Directors of WES during the conduct of the study. COL Ailen F. Grum, USA, waa

the Director of WES during the preparation and publication of this report.

Mr. F. R. Brown and Dr. Robert W. Whalin were Technical Directors.
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CONVERSION FACTORS, NON-SI TO SI (METRIC)

UNITS OF MEASUREMENT

Non-SI units of measurement used in this report can be converted to SI

(metric) units as follows:

Multiply By To Obtain

degrees (angle) 0.01745 radians

feet 0.3048 metres

feet per second 0.3048 metres per second

g's (standard free-fall) 9.806650 metres per second
squared

grains per foot 0.2125948 grams per metre

inches 2.540 centimetres

inches per second 25.4 millimetres per
second

inch-kips (force) 112.985 newton-metres

inch-pounda (force) per inch 4.448222 newton-metres per
metre

kilotons (nuclear equivalent 4.184 megajoules
of TNT)

kips per square inch 6.894757 megapascals

megatons (nuclear equivalent 4.184 gigajoules
of TNT)

micro-inches per inch 1.0 microcentimetres per
centimetre

pounds (force) 4.448222 newtons

pounds (force) per square inch 6.894757 kilopaacals

pounds (mass) per cubic foot 16.01846 kilograms per cubic
metre

pounds per square inch-seconds 0.006895 megapascal-seconds

square inches 6.4516 square centimetres

Cons (force) per square foot 95.76052 kilopascals

tons (mass) per square foot 9,764.856 kilograms per square
metre
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STRUCTURAL ELEMENT TESTS IN SUPPORT OF THE KEYWORKER

BLAST SHELTER PROGRAM

CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

At the initiation of this study, civil defense planning called for the

evacuation of nonessential personnel to safe (low-risk) host areas during a

I time of crisis, and the construction of shelters to protect the keyworkers

remaining behind. Keyworker blast shelters will be used as command and con-

trol centers for emergency operations, facilities to provide continuity of

gcvernmetit, and space to house personnel operating critical industry within

Sj high-risk areas of the country during and after a nuclear attack. Both dedi-

cated and expedient types of shelters are planned. A dedicated shelter is one

that is in place long before a nuclear crisis occurs. An expedient shelter

consists of prefabricated components which can be prepositioned at key sites

and constructed, using available equipment and personnel, in a short time

during a crisis period. An expedient shelter will provide space for up to

about 20 people while a dedicated shelter will provide 100 to 400 spaces. The

US Army Engineer Division, Huntsville (HND), has been tasked by the Federal

Emergency Management Agency (FEMA) to design a 100-man dedicated shelter and

to build three prototype shelters. The research reported herein is in support

of the HND design effort.

Structural design parameters require that the structure survive a peak

overpressure of 50 psi 1 from a 1-MT nuclear weapon. The structural design
criteria and protection from initial and 2esidual radiation associated with

!- the threat weapon require an earth-covered or buried structure. The shelter

is designed to function as a box structure constructed of poured-in-place

reinforced concrete. The walls, roof slab, and floor slab are one integral

structure with structural steel frames providing interior supports for the

one-way reinforced concrete roof slab. Beams and columns for the interior

A table of factors for converting non-SI to SI (metric) units of measure-
: ment is presented on page 8.
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frames consist of standard structural steel members. The floor is a rein-

forced concrete -lab with two transverse reinforced concrete floor beams to

transfer the interior column loads to the floor slab.

Using a roof slab thickness of 10 inches, a span of 11.33 feet, and

limiting midspan deflection to 7 inches, the principal tension and compression

steel ratios were determined using a computational procedure (Reference 1)

developed at the US Army Engineer Waterways Experiment Station (WES) in the

Shallow-Buried Structures Research Program. The "Vulnerability of Shallow-

Buried Structures" computer code (VSBS6) incorporates the ability of the back-

fill to transfer load from the midspan of the roof to the supports, thereby

reducing the required flexural capacity of the roof slab to resist a given

ground surface loading. This allows a more economical slab section to be

designed, reducing material costs. Using this procedure, compression and

tension steel ratios of 0.007 were reccmmended.

1.2 OBJECTIVES

The objectives of this test program were to evaluate the structural de-L. sign, to investigate structural response in various backfills, to iiivestigate

and recommend minimum concrete strength requirements, to validate and/or

modify structural response calculations, and to extend the data base on re-

peated hits so that structural response computctional procedures can be devel-

oped to incorporate repeated hits.

F 1.3 SCOPE

To accomplish the objectives of thii test program, static and dynamic

tests were conducted on two types of structural elements. The Type ! element

was a reinforced concrete box structure with interior supports consisting of a

structural steel framing system. The Type 2 element was an open-end box ele-

ment representing a section of one bay of the shelter. Both element types

were approximately 1/4-scale models of the keyworker blast shelter.

Six static tests were conducted; one on a Type 1 element to evaluate the

structural design configuration and five on Type 2 elements to investigate

variations in concrete strength, depth of burial (DOB), and backfill material.

Twelve dynamic tests were conducted; one on a Type 1 element to evaluate

the structural design configuration and eleven on Type 2 elements. The design

structure's ability to withstand repeated hits was also evaluated.

10



Static and dynamic tests were performed in sand backfill at DOB of 0 inch

and 12 inches (L/2.75); while tests in the two alternate backfills were per-

formed at DOB equal to 12 inches (L/2.75). Multiple hits were performed at
depths of burial of 6 and 12 inches in sand backfill. Taole 1.1 gives a test

matrix for the static and dynamic tests showing the element type and parameter
i•" investigated for each test.

The Keyworker blast shelter was designed to resist a 1-MT nuclear weapon

at 50 psi; therefore, using a cube-root scaling and a 1/4-scale factor, the

nuclear weapon yield simulator for the dynamic tests was designed to produce a

16-KT simulation. The weapon simulator is described in Chapter 4.

4r.
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"Table 1.1. Static and dynamic test matrix.

* Baseline configuration: DOB I ft in sand backfill. Alternate backfills:
RCS red clayey sand, CWG clayey sand with gravel. Flume sand backfill was

* used unless otherwise noted.

Test Element Type Parameter

SI Si 1 Baseline Type 1 element (static)
53 S3 2 DOB--surface flush (static)

S1.4 S4 2 Baseline Type 2 element (static)

S5 S5 2 Alternate backflll--RCS (static)

S6 S6 2 Low-strength concrete (static)

S7 S7 2 Alternate backfill--CWG (static)

D1 D1 I Baseline Type 1 element (dynamic)

D2 D2 2 DOB--surface flush (dynamic)

D3 D3 2 Overpressure (dynamic)

D3A D3 2 Overpressure, repeate& hit (dynamic)

D3B D3 2 Overpressure, repeated hit (dynamic)

D3C D3 2 Overpressure, repeated hit (dynamic)

D4 D4 2 Baseline Type 2 element (dynamic)

D5 D5 2 Alternate backfill--RCS (dynamic)

D6 D6 2 Low-strength concrete (dynamic)

D7 D7 2 Alternate backfill--CWG (dynamic)

Multi-hit D3, D4, D5, D6, D7 2 Repeated hit, DOB 6 In for D7

1D8 D8 , D4, D6 2 Repeated hit

i1
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CHAPTER 2

ELEMENT CONSTRUCTION DETt'ILS AND STRUCTURAL MATERIAL PROPERTIES

2.1 ELEMENT DETAILS

Two Type I test elements and twelve Type 2 test elements were built in

I the WES Structures Laboratory from March through June 1983.

2.1.1 Structural Details

[i These elements were approximately 1/4-scale reinforced concrete models of

the FEMA keyworker blast shelter. The structural parameters of the models in-

eluded: a clear span of 33 inches, a clear height of 30 inches, a roof thick-
ness of 2.5 inches and an effective depth of 1.94 inches, wall and floor

thicknesses of 2.25 inches and effective depths of 1.78 inches, a rcof clear

span-to-effective aepth ratio (L/d) of 17, a roof clear span-to-thickness

ratio of 13.2, and principal steel ratios of approximately 0.007 for the roof,

walli, and floor slabs. Principal reinforcement consisted of 0.25-inch-

diameter, Grade-60 deformed wire spaced at 3.75 inches in both face, of the

roof, walls, and floor. This yielded tension and compression steel ratios of

"approximately 0.007. Shear reinforcement was provided by double-leg, 0.11-
inch-diameter, Grade-60 deformed wire stirrups spaced at 3 inches on center

"U with alternate rows staggered 1.5 inches. Transverse reinforcement for the

roof, walls, and floor was provided by 0.11-inch-diameter, Grade-60 deformed

wire spaced at 3 inches on center. A floor plan of the Type 1 element is

shown in Figure 2.1. Reinforcement and structural details are shown for the

Type 1 element in Figures 2.2 and 2.3. Note that a structural steel floor

girder was used instead of a reinforced concrete floor beam as on the proto-

type. This modification was made to enable accurate measurement of the floor

load distribution. Figure 2.4 shows structural and reinforcement details for

the Type 2 element.

2.1.2 Type I Element Construction

"Construction of each Type 1 element was accomplished in two stages. :n
the first, the floor steel was placed in the forms, the reinforcement for the

walls was tied in place, and the floor girder was set in place before pouring
the floor slab as shown in Figure 2.5. Stage 2 consisted of placing the

13



inside wall forms, installing the structural steel columns and the roof girder

as shown in Figure 2.6, installing the galvwnized steel decking (bottom form

for the roof slab), placing the roof reinforcement mat, setting the outside

wall forms, and pouring the walls and roof in one pour. Figure 2.7 shows the

.* Type 1 element with all steel in place prior to setting the outside wall forms

"and pouring. Figure 2.8 is a close-up showing the 26-gage galvanized steel

decking and steel placement details. The galvanized steel decking was used as

bottom formwork for the roof slab and as a means to prevent spalling concrete

from reaching the floor. Two 35-1/2- by 90-1/2-inch sheets of corrugated

steel decking were required to make the bottom roof form. Each sheet of deck-

ing extends from the 2-inch angle (embedded along the top of each side wall as

shown in Figure 2.1) to the interior support (the roof girder). The sheets of

decking were welded to the angle and the roof girder with approximately

1/8-inch tack welds spaced 1-1/2 inches on center and 1 inch from the edge of

the decking. The two sheets of corrugated decking were lapped 1-1/2 inches at

the centerline of the roof girder. The 2- by 2- by 1/4-inch angle that ts

part of the wall-to-steel decking connection is secured to the wall by means

of 1/4-inch-diameter by 2-inch-long studs that were welded to the angle. The

angle and stud assembly was tied into the wall before concrete was poured.

"2.1.3 Type 2 Element Construction

Construction of the open-end Type 2 elements consistea of building the

3 inside forms (open end up), placing the reinforcement steel mats, installing

interface pressure gage mounts, placing the outside fcrms, and pouring the

structures. Figure 2.9 shows the inside formwork with the reinforcement tied

in place and the interface pressure gage mounts installed. The twelve Type 2

elements were cast from six batches of concrete with one static and one

dynamic element cast from each batch.

* 2.2 STRUCTURAL MATERIAL PROPERTIES

2.2.1 Concrete

*. Two concrete mixes were designed to investigate the effects of concrete

strength on structure resistance and performance. One static Type 2 element

(S6) and one dynamic Type 2 element (D6) were cast with concrete designed to

have a 28-day compressive strength of 2,500 psi. The average 28-day strength
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was 2,785 psi. The remaining ten Type 2 and the two Type 1 static and dynamic

elements were cast with concrete designed to have a 28-day compressive

strength of 4,000 psi. The 28-day strengths ranged from 3,400 tc 5,360 psi.

Table 2.1 gives complete results of the concrete cylinder testing for the

static and dynamic test models.

Both concrete mixes were designed using a Type I portland cement obtained

from a local commercial supplier. The fine aggregate was a natural siliceous

sand, and the coarse aggregate was crushed liuiestone with a 3/8-inch maximum

diameter. For the Type 1 elements, four cylinders were taken from each batch

of concrete, which allowed testing two cylinders at 28 days and two cylinders

at the element test day for each batch of concrete (each Type 1 element re-

quired three batches of concrete: one for the floor slab and two for Lhe

walls and roof slab). For the Type 2 elements, six cylinder3 were taken from

each batch of concrete (two test elements were poured from each batch); which

allowed testing two cylinders at 28 days for each pair ^f test elements and

two cylinders for each element on the element's test day.

There appears to be considerable scatter in the 28-day compressive

strengths of the 4,000-psi concrete mix design. A one-way analysis of the va-

riance was performed on Batches 1, 2, 3, 4, 8, 10, and 12, showing an incon-

sistency in the concrete strengths. The actual concrete compressive strength

for each test element should be considered in comparing test results.

Table 2.1 also lists experioentally determined parameters for constructing

a concrete model. The elastic modulus was determined to be 64,000-'psi,

the Poisson's ratio was 0.21, and the strain at ultimate stress was found to

be 0.00202 in/in. The concrete crushing strain was not determined in these

concrete cylinder tests because the strain gages malfunctioned at strains of

about 0.0025 or less. The concrete model is adequately defined in the region

from strain equals zero to strain equals 0.00202 in/in by:

1 - (0.00202 - )2
I a =)f (2.1)

(0.00202)2

where

ac = concrete stress, psi

cf = concrete compressive strength, psi

c concrete strain, in/in

15



Since the stress-strain relation was not experimentally determined at straina

larger than 0.0025 in/in, no experimental concrete model can be derived for

this region. At strains greater than the strain at ultimate stress

(0.00&02 in/in in this case) the stress-strain function is dependent on the

amount and spacing of shear steel and temperature steel (or ties) in the slab

section (due to confining stresses) so the uniaxial test on unreinforced con-

crete cylinders does not yield the required stress-strain relation. A good

approximation for the concrete stress-strain relation at large strains is

given in Reference 2.

The concrete stress-strain is divided into three zones:

Zone 1: ac is given by Equation 2.1 for 0 < cc 5 0.00202

Zone 2: aC = f'c 1 - 0.5 (0.03147 + 10020f

(c - 0.00202)] (2.2)

for 0.00202 < €c c e20c

where £20c the large strain at which a 0.2f•

Zone 3: ac 0.2f' for £20c < C • 0.10

Figure 2.10 graphically depicts the recommended concrete stress-strain con-

stitutive equations.

2.2.2 Reinforcing Steel

The principal reinforcing steel consisted of Grade-60 No. 2 deformed wire

that was used to model American Society for Testing and Materials (ASTM)

Grade-60 No. 8 deformed bars. The results of tensile tests on the 1/4-inch

deformed wire are given in Table 2.2. The mean yield stress was 68,495 psi
and the mean ultimate stress was 72,790 psi. Rupture stress was not recorded

on all of the tests, but rupture stress based on three samples was

56,465 psi. The elastic modulus was found to be 29,200 ksi and the initial

strain hardening modulus was 430 ksi. The strain at initiation of strain

hardening was 0.013 in/in and the strain at ultimate stress was approximately
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0.06 in/in. These parameters can be used in constructing a steel model con-

sisting of on elastic portion up to the yield point, a plastic portion to

initiation of strai,. hardening, and a strain-hardening portion up to ultimate

stress.

Shear reinforcement and temperature steel consisted of Grade-60 "N

0.11-inch-diameter deformed wire that was used to model ASTM Grade-60 No. 3

deformed bars. The results of tensile tests on the 0.11-inch-diameter de-

formed wire are given in Table 2.3. The mean yield stress was 60,845 psi,

the mean ult.imate stress was 63,565 psi, and the mean rupture stress was

50,350 psi.

2.2.3 Structural Steel

Built-up sections were used to model the roo? girder and the columns that

made up the interior support for the shelter roof slab. The girders were made

from 1/4-inch Grade-60 and 3/16-inch Grade-50 steel plate. The columns were

made from 3/16-inch A36 plate. Results of tensile tests on coupons cut from

these plates are given in Table 2.4. For the 1/4-inch Grade-50 steel, the

mean yield stress was 62,685 psi, the mean ultimate stress was 83,635 psi, and

the mean rupture stress was 63,060 psi. For th- 3/16-inch Grade-50 plate, the

mean yield stress was 59,945 psi, the mean ultimate stress was 73,460 psi, and
the mean rupture stress was 52,385 psi. For the 3/16-inch A36 plate, the mean

yield stress was 46,445 psi, the mean ultimate stress was 62,320 psi, and the
mean rupture stress was 50,145. The elastic modulus was approximately

30 x 106 psi for all plates. The mean strain at the initiation of strain
hardening was 0.017 in/in. The strain at ultimate stress was approximately
0.10 in/in. The mean init'al strain hardening modulus was 1.06 x 106 psi.

2.2.4 Steel Models

From the data presented in the preceding sections, steel models can be
constructed for the principal reinforcing steel and the structural steel as
shown in Figure 2.11. The models are elastic in tension and compression until

the steel yields, plastic from the yield point until the initiation of strain
hardening, and strain hardening until ultimate stress is reached.
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Table 2.1. Concrete strengths.

Nunbers in parentheses are the average concrete compressive strength for the test element shown. The elastic

modulus was determined to equal 614,ooo0f0 (psi) using a least-squares fit to 13 data points. Poisson's ratio

based on a mean of 13 data points is 0.21 vith a range of 0.05. The strain at ultimate stress based on a mean of

13 data points is 0.00202 in/in vith a range of 0.0004.

28-day Day-of-Test Element Age

Test Concrete Compressive Compressive When tested

Element Btch Strength, psi Strength, psi Days

Sl 6 4,630 floor 5,780 floor 2441X

4.370 6,240

9 4,990 walls 5.800 walls 221
4,990 5.590

10 4,780 roof 6,150 roof 221

-,240

(4,780) roof (6,195) root

S3 2 4,760 5,340 163

14,560 5,080
(4,660) (5,210)

s4 3 4,600 5,220 174
4,690 5,250

(14,645) (5,235)

S5 4 4,440 5,390 202
4,560 5,820

(14,500) (5,605)

s6 5 2,720 3,470 194

2,850 3,500
(2,785) (3,.485)

ST 8 3,500 4,140 189
3,400 

4,560

(3,4.50) (4,515)

Dl 7 4,620 floor 5,520 floor 122
,1470 5,460

11 5,030 walls 5,960 wallo 99
5,130 5,850

12 5,060 roof 6,000 roof 99
5,360 6,300

(5,210) roof (6,150) roof

D2 1 4,460 5,290 100
14,550 5,270

(4,,505) (5.280)

D3 2 4,760 5,1.20 59
4,56o 14,850

(14,660) (4,990)

D4 3 4,6o0 5,010 78
4,690 4,990

(4,645) (5,000)

D5 4 4,440 4,990 88
14,560 5,250

(14,500) (5,120)

A5 2,20 3,25J 82
2,850 3,190

(2,785) (3,220)

D7 a 3,500 4,100 80
3,1400 4.140

(3,450) (4,120)

DO8 1 ,460 5,360 125
14,550 5,250

(14,505) (5,305)
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Table 2.2. Principal steel (No. 2 deformed wire) strengths.

Yield Ultimate Yield Ultimate
Sample Stress, psi Stress, psi Sample Stress, psi Stress, psi

1 60,200 67,000 19 69,000 72,000

2 75,000 79,200 20 70,600 71,200

3 63,400 70,800 21 70,200 71,200

4 72,000 78,200 22 71,000 72,500

5 76,000 79,600 23 67,000 69,600

6 67,800 74,200 24 69,200 73,800

7 72,200 78,600 25 65,400 70,000
8 74,400 79,400 26 59,000 60,000

9 69,600 76,200 27 62,200 67,600

10 59,800 66,400 28 60,000 63,800

11 70,400 77,000 29 67,600 70,000

12 66,800 76,000 30 69,6oo 71,300

13 71,000 75,600 31 73,000 74,800

14 74,000 77,000 32 71,300 74,800 rK?

15 68,200 74,400 33 56,800 64,200

16 76,800 77,200 34 63,000 65,400

17 74,000 79,200 35 65,800 70,600

18 75,000 78,800 Average 68,495 72,790
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Table 2.3. Shear and temperature reinforcement (0.11-inch
diameter) strengths.

Yield Ultimate Ruoture

Sample Stress, psi Stress, psi Stress, psi ,"

1 68,005 68,005 48,960 )
2 56,700 60,265 49,135

3 60,440 62,875 49,830

4 59,570 62,180 50,265

5 60,875 63,395 51,310 -:

6 55,655 58,875 46,785

7 64,355 65,050 52,005

8 59,790 63,700 50,440

9 60,449 65,225 50,875

10 62,615 66,095 53,920
Average 60,845 63,565 50,350

,20,.,
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Table 2.4. Structural steel strengths.

The effective elastic modui0.,s was approximately 30 x 106 psi. Actual experi- "..."-'
r-ntal values calculated based on the initial slope of the stress-strain plots
ran 5 to 30% higher than this. Strain by initiation of strain ha.'dening was
approximately 0.017 in/in. Strain hardening modulus was 1.06 x 106 psi.

Yield Ultimate Ripture
Plate No. Coupon Stress Stress Stress

(Descript ion) Use No. psi psia psi

Girder Flai,6e ILIb -- 85,015 70,845
(1/4 in Grade 50) Column End Plate 1L2 62,670 83,490 69,270

ITIc 62,990 83,065 56,375
1T2 62,390 82,975 55,744

Average 62,685 83,635 63,060

2 Girder Web 2L1 59,540 73,655 54,410
(3/16 in Grade 50) Girder Stiffeners 2L2 60,540 74,470 55,725

2T1 59,845 73,315 49,740
2T2 59,860 72,405 49,665

Average 59,945 73,460 52,385

3 Colunmn Flange 3L1 118,015 62,200 51,005
(3/16 in A36) Column Web 3L2 46,415 61,645 51,085

3T1 46,290 63,260 50,145
3T2 45,065 62,185 43,338

Average 46,445 62,320 50,9145

a.Strain at ultimate stress was approximately 0.10.
bL = coupon cut in long direction of plate (roll direction). [
CT = coupon cut perpendicular to roll direction.
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jFigure 2.2. Type I element reinforcement details.
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Figure 2.7. Type 1 element prior to placing outside forms
and pouring the walls and roof.
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Figure 2.8. Close-up showing the galvanized steel lecking
and steel piacement for the Type 1 element.
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Figure 2.10. Idealized concrete stress-strain relation.
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Figure 2.11. Stress-strain curve for reinforcement and
structural steel.
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CHAPTER 3

BACKFILL MATERIAL PROPERTIES

3.1 BACKGROUND

Prototype backfill specifications should be as unrestrictive as possible

so that suitable excavated soil at the construction site can be used as back-

fill for the keyworker blast shelters. Backfill material types for this study

were selected from locally available materials to test structural elements in

cohesionless (4) backfill and alternately in cohesive (c - *) materials (sand

and/or gravel in a clay matrix) that are somewhat representative of near-

surface soils commonly encountered in the United States.

The structural response computational procedure uses the angle of inter-

nal friction, o , in calculating the soil arching factor which modifies the J
roof load distribution. Therefore, * was of primary interest in the back-

fill analysis. Direct shear (S) tests were conducted on 2.5-in/in specimens, ,j"!

0.5 inch high, to determine the relation between 0 and the dry density of

the backfill materials for the approximate ranges of placement water content.

Other conventional laboratory soil tests were conducted to determine grada-

tion, Atterberg limits, compaction characteristics, and water content.

3.2 BACKFILL MATERIALS

Three backfill soil types were used in the dynamic and static test pro- j
grams. Flume sand was the primary backfill material. It was used in tests of

Elements D1, D2, D3, D4, D6, D8, Si, S3, S4, and S6. Flume sand is a fine

poorly graded (predominantly uniform) clean sand, light brown in color and

classified SP by the Unified Soil Classification System (Reference 3). A red

clayey sand (SC) stockpiled from a borrow excavation on Range 36, Fort Polk,

La., and a clayey sand (SC) with gravel obtained from a local contractor were .1
used as backfills in Dynamic Tests D5 and D7, respectively, and Static Tests

S5 and S7, respectively.

Test bed density and moisture control in the red clayey sand and clayey

sand with gravel backfills were selected to be representative of as-built

prototype backfill. Densities of about 85 percent of CE-55 maximum densities

were allowed in the test bed. It is recognized that these backfill conditions

are conservative in allowing more potential structural response since military
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construction specifications in similar backfills would require 90 to 95 per-

cent of CE-55 maximum dry density and a range of moisture of 2 or 3 percent of

optimum moisture content. Correlations of the angle of internal friction,

o , and dry density were conducted at 12 percent moisture content in the

alternate backfills so that it would be possible to determine the range of 0

for densities as great as 95 percent of the CE-55 maximum density. Water

content and density measurements were made in the backfill as the test beds

were constructed. The average minimum and maximum values for water content,

wet density, and dry density are shown in Tables 3.1 and 3.2 for the dynamic

and static test bed construction, respectively.

3.2.1 Flume Sand

Flume sand is the residue from a pit gravel washing process. It is a

uniform fine sand typically containing 2 to 4 percent silt-size particles.

The flume sand gradation is presented in Figure 3.1. Figure 3.2 shows the

ccmpaction curve fc- flume sand, indicating the common phenomenon for granular

soils of bulking. The lower densities at water contents greater than 1 per-

cent are due to the capillary forces resisting the rearrangement of sand

grains. Because the amount of moisture influences the density obtainable for

given compactive effort and normally influences the angle of internal fric-

tion, these direct shear (S) tests were conducted to determine a correlation

between # and dry unit weight. The direct shear test data are presented in

Figure 3.3. An angle of internal friction of 38 degrees was obtained for the

three densities given in Table 3.3 and Figure 3.4.

Tables 3.1 and 3.2 indicate average dry densities ranged from 97.9 to

99.7 lb/ft 3 and 97.4 to 101.2 lb/ft 3 for the dynamic and static test beds,

respectively. Therefore, an angle of internal friction of 38 degrees is

recommended.

3.2.2 Red Clayey Sand

The gradeticn for the red clayey sand (SC) is presented in Figure 3.5.

This backfill material is a borderline silty-clayey sand containing about

30 percent finer than the No. 200 sieve. The results of a CE 55 compaction

test on the red clayey sand are presented in Figure 3.6. A maximum dry den-

sity of 128.3 lb/ft 3 was obtained at the optimum water content of 8.5 percent.

Direct shear tests were conductcd on specimens at about 13 percent
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moisture content and densities representative of those obtained in the dynamic

and static test program. The direct shear test data are presented in

Figure 3.7.

Table 3.3 and Figure 3.8 present the 0 angles obtained for the red

clayey sand for densities of 80 and 85 percent of CE 55 maximum density. The

angles of internal friction were 26 and 35 degrees for densities of 101.4 ana

110 lb/ft 3 , respectively. The recommended angle of internal friction is

26.5 degrees for the dry unit weights used in the static and dynamic tests.

3.2.3 Clayey Sand with Gravel • I
The gradation for the clayey sand with gravel is presented in Figure 3.9. "j

This material was classified as a red clayey sand with gravel (10 percent)

having 3/4-inch maximum size particles. Atterberg limits are indicated inl

Figure 3.9. A CE-55 compaction curve is presented in Figure 3.10 indicat-

ing a maximum dry density of 128.5 lb/ft 3 at an optimum water content of

9.3 percent. #01

Direct shear tests were also conducted on specimens of the clay gravel

at a density of about 12 percent moisture content. The test data are pre-

sented in Figure 3.11. Angles of internal friction presented in Table 3.3 and

Figure 3.12 were determined for 85 to 95 percent of the CE 55 maximum density.

These data indicate * varies from 28 to 36 degrees for densities ranging

from 109.2 to 121.7 lb/ft 3 . Recommended angles of internal friction are

29.5 degrees for the static test and 32 degrees for the dynamic test.

3.3 BACKFILL PLACEMENT

3.3.1 Dynamic Test Bed

The dynamic test bed was constructed by placing the backfill with a

backhoe/front-end loader and leveling with shovels to about a 7-inch l.ose

thickness. The sand backfill was corpacted with three passes of L ,oline-

powered vibrator with a 17- by 18-inch base weighing approximately 4",1 pounds.

The vibrator output energy at 3,600 rpm is rated to produce 90 pe, ant of k
CE-55 compactive effort for four passes on a 6-inch compacted la ar.

A compaction test strip of two layers was conducted with the red clayey

sand. It was determined that four passes of the same gas-powered vibratol on

7- to 8-inch loose layer thickness would produce densities at least equal to
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85 percent of CE-55 maximum density. Therefore, construction of the test bed

with red clayey sand backfill was similar to the construction with flume sand.

A compaction test strip of two layers was also conducted on the clayey

sand with gravel. It was determined that three passes of a gas-powered tamper

on a 7- to 8-inch loose layer thickness would produce densities at least equal

to 90 percent of CE-55 maximum density. The clayey sand with gravel was much

more difficult to level with shovels, and one pas. of the vibrator was used to

level the surface of the clayey sand with gravel prior to three passes with

the tamper.

3.3.2 Static Test Bed

Construction using flume sand and the red clayey sand backfill in the

static test bed was accomplished by hand placing the sand for the smaller

Type 2 structural elements in the 6-foot-diameter small blast load generator

(SBLG). Flume sand backfill was placed by clam shell for the larger Type 1

elements in the 23-foot-diameter large blast load generator (LBLG). Compac-
tion was achieved in the SBLG by hand tamping four passes with a 23-pound hand

tamp having a 6-3/4- by 11-inch foot, and by three passes of a gas-powered
vibrator in the LBLG. The clayey sand with gravel was leveled with shovels,

hand-tamped one pass to smcoth the surface, and three passes were applied with

a pneumatic tamper driven with about 100-psi line pressure. The pneumatic

tamper had a foot which was 5-1/4 inches in diameter.
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Table 3.1. Backfill water content and density data for dynamic tests.

Average
Water Average Wet t Average Dry 3

Content Density, lb/ft 3  Density, lb/ft
Test Backfill (Min, Max) (Min, Max) (Min, Max)

D3 Sand 5.0 .02.5 97.7
(4.4, 5.4) (101.5, 104.0) (96.9, 98.9)

D3A Sand 4.16 103.7 99.5
(2.4, 5.4) (101.3, 106.2) (96.8, 101.7)

D3B Sand 3.9 103.2 99.3
(3.1, 5.4) (101.9, 105.3) (97.6, 100.9)

D3C Sand 3.9 103.0 99.4
(31, 14.8) (102.5, 105.0) (98.3, 102.1)

D4 Sand 5.1 104.2 99.3
(3.7, 7.2) (101.4, 106.4) (98.1, 101.3)

D6 Sand 4.8 103.9 99.1
(3.8, 6.3) (100.0, 105.7) (95.4, 100.2)

D5 Red sandy 12.5 117.3 104.3
clay (11.1, 14.1) (114.2, 123.4) (100.4, 108.5) • .

D2 Sand 5.2 103.6 98.8
(4.2, 5.8) (101.1, 104.8) (97.8, 99.8)

D7 Sandy clay 14.4 132.7 116.2
with gravel (13.1, 16.4) (126.7, 135.2) (111.2, 118.2)

Multi-hit Sand 4.8 103.4 98.7
(3.7, 5.8) (100.6, 106.7) (96.2, 102.1)

D8 Sand 3.3 102.8 99.5 J
(2.2, 4.1) (100.7, 107.7) (96.5, 104.6)

D1 Sand 3.4 103.1 99.7
(1.9, 4.4) (101.2, 106.7) (197.4, 104.6)
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Table 3.2. Backfill water content and density data for static tests.

Average I
Water Average Wet Average Dry

Content; Density, lb/ft 3  D>nsity, lb/ft
Tr'st Backfill (Min, Max) (Min, Max) (Min, Max)
S3 Flume sand 4.5 104.6 101.2

(3.7, 5.4) (103.14, 106.4) (98.2, 102.3)

S4 Flume sand 6.1 103.4 97.4
(5.9, 6.5) (101.0, 105.8) (95.3, 99.3)

S5 Red clayey i .1 118.2 103.6
?anu (9.0, 19.1) (110.3, 122.5) (98.3, 109.0)

s6 Flume sand 4.4 105.1 100.7
(3.1, 5.1) (96.7, 107.5) (92.1, 104.3)

S7 Clayey sand 16.1 128.9 110.9 A.
with gravel (15.1, 17.1) (124.0, 133.8) (107.7, 114.0)

SI Flume sand .4.0 103.4 99.4
(3.0, 4.7) (102.3, 104.6) (98.8, 99.8)
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Table 3.3. Summary of backfill angle of internal friction.

Backfill Dry Water Angle of Internal
Type Density, lb/ft Content, Friction, Deg

Flume sand 109.9 0.0 38.0

103.4 4.5 38.0

1 98.7 4.8 38.0

Red clayey 102.6 12.9 26.0
sand 109.6 13.1 35.0

Clayey sand 121.7 12.2 36.0

with gravel 109.4 13.3 28.0

A
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CHAPTER 4

TEST DESCRIPTION

4.1 TEST DATES, LOCATIONS, AND

GENERAL DESCRIPTION

Twelve dynamic tests were performed on approximately 1/4-scale reinforced

concrete box elements (one on a Type 1 element and eleven on Type 2 elements)

from 1 July to 16 September 1983 at Range 36, Fort Polk, Aa. The dynamic

loading for each test was provided by an air High Explosive Simulation

Technique (HEST) charge cavity that was designed to sinulate the airblast com-

ponent of a 16-KT nuclear weapon at overpressures ranging from 34 to 158 psi.

The weapon simulator will be discussed in detail later in this chapter.

Six static tests were performed on approximatr.ly 1/4-scale reinforced

concrete box elements (one on a Type 1 element and five on Type 2 elements)

from 10 October 1983 to 16 January 1984 in the laboratory at WES. The static

overpressure was provided by water pressure contained in the LBLG for Test S1

(Type 1 element) ar'd in the 6-foot generator for the five tests on Type 2 ele-

ments (S3, 4, 5, 6, 7).
Test element construction and structural material properties are de-

scribed in Chapter 2 and backfill placement and material properties are de-
scribed in Chapter 3. A test matrix listing all static and dynamic tests and

the parameters studied in each test is shown in Table 11.1. Test configura-

tion, instrumentaticn, and test procedures are described in the remainder of

this chapter.

4.2 TEST CONFIGURATION

4.2.1 Dynamic Test Configuration

The test configurations for the 12 dynamic tests are shown in Figure 4.1.
The test bed was constructed in a 20- by 20-foot excavttion 7 feet in depth.
Backfill was placed as described in Chapter 3 so that a minimum of 2 &seet of
compacted backfill was in place before the structures were placed in the test
bed. Figures 4.2 and 4.3 show pretest photographs of dynamic tests. At this

point, the structures were instrumented.

For the Type 2 element tests, thrust rods were installed between the two
steel end plates to keep them from bearing on the end of the element. This
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ensured that the roof of the test element acted as a one-way slab without NN

externally applied confining stress perpendicular to the axis of one-way

action.

Backfill (backfill types for each test are given in Table 4.1) was placed

in 6-inch lifts until each structure was covered to the desired DOB, which is

shown for each test in Table 4.1. Free-field instrumentation was installed ,

during backfilling at the proper elevations.

After backfilling, the air HEST charge cavity was constructed on the

ground surface as shown in Figure 4.4. The air HEST charge cavity consisted

of a wood framing system covered with plywood that supported the initial

charge cavity volume. The 18- by 15-foot cavity was 3 feet deep and covered

by 3 feet of sand overburden to contain the blast and help control the pres-

sure decay with time to simulate a 16-KT nucleai- weapon detonation with over-

pressure ranging from 34 to 158 psi. For these tests the charge cavity param-

eters that controlled the weapon yield were charge density, cavity thickness,

and height of overburden. From the series of calibration tests performed to

develop the simulator, the required charge cavity thickness and height of

overburden were determined to be 3 feet. A summary of the calibration tests

is included in Appendix A. Table 4.2 lists charge densities for the dynamic

tests.

The high-explosive primaclrd was uniformly distributed in strands running

from the direction of detonation through the charge cavity in a plane I foot

below the top of the cavity. The explosive used was pentaerythritol tetra

nitrate (PETN) which was made into 50-gpf detonating cord (primacord). The

strands of primacord extended 3 feet out of the charge cavity on the detona-

tion side. Theme strands were bundled in groups of six strands. Each bundle

of primacord wa3 connected to one end of an 8-foot piece of 50-gpf primacord.

These 8-foot st,,ands were spliced together at the free ends enclosing a blast-

ing cap. The blasting cap was used to initiate the deton-ation of the charge.

This method of detonation provided a simultaneous detonation of the rows of

primacord beginning at one end of the charge caviLy. The charge cavity design

ensures that the explosiv . is uniformly distributed, that the charge cavity

overlapped the test element far enough to minimize edge effects, and that the

structural loadt-' was due to the propagation of a planar wave.
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4.2.2 Static Test Configuration

The LBLG facility, at WES was used to test the static Type 1 structure

(Si). The LBLG, shown in Figure 4.5, consists of two basic components, a

Central Firing Station (CFS) and a test chamber. The test chamber consists

of three 22-foot, 10-inch-ID, high-strength steel rings stacked on a movable

platen to form a cylindrical chamber 10 feet deep. After the model to be

tested ard backfill material are placed in this chamber, a ring containing

baffled firing tubes and a lid are placed on the three rings of the tank below

and moved into the CFS (a massive posttensioned concrete reaction structure).

Slowly applied or static loading of up to 1,000 psi can be obtained by

sealing the exhaust ports of the top ring of the tank and using the tank as

a pressure vessel.

More complete descriptions of the LBLG, its performance, and Iow it is

calibrated are given in References 4 and 5.

The static tests on Type 2 elements were performed in the SBLG at WES.

This device consists of a CFS and a test chamber. The test chamber consistI

of two 5-foot, 11-3/4-inch ID, high-strength steel rings stacked on a movable

platen to form a cylindrical chamber 6 feet deep. After the model to be

tested and backfill material are placed in this chamber, the pressure lid is

placed on the chamber, and this assembly is moved into the CFS for testing

similar to the LBLG.

Before the model was placed in the test chamber, the chamber was par- k7'

tially filled with backfill which was compacted and leveled to provide a uni-

form support for the model. The model was then placed in the test chamber, ,

instrimented, and covered to the depth of burial given for each test in Ta-

ble 4.1 with compacted backfill. The surface of the backfill was covered with

a waterproof diaphragm and water was pumped in to apply a uniform load to the

surface. Sketches showing the placement of the model structure in the test

chamber are given in Figures 4.6 and 4.7. Figure 4.8 is a pretest photograph

of Test S1 prior to placing the sand backfill. A borescope was used to view

the initial roof crack patterns during Tests S1, S4, S5, S6, and S7. A camera

attachment fcr the borescope was not available during the tests so no photo-

graphic data were recovered.

4.3 INSTRUMENTATION

Tables 4.3 and 4.4 summarize the number of channels of instrumentation
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recorded in the dynamic and static tests, respectively. The data for each

test were recorded on 32-channel Sangamo Sabre IV and V, FM magnetic tape

recorders which were located in the instrument van (approximately 1,000 feet s

from the test bed) for the dynamic tests and in the instrumentation room in

the LBLG building at WES for the static tests. Dynamic data were recorded at

speeds of 120 in/s and later digitized at 200 kHz. A zero time channel to

establish a common time reference for the data records was included in each

dynamic test. Static data were recorded at tape speeds of 3.75 in/s. After

digitizing, each static data record was plotted with static water pressure as

the ordinate.

14.3.1 Dynamic Test Gage Locations

Gages for the dynamic tests included airblazt pressure, interface pres-

sure, soil stress, free-field acceleration, structure acceleration, strain,

passive deflection, rebar strain, roof girder strain (Test D 1 only) and column V

load (Test DI only). Gage locations are shown in Figures 4.9 through 4.18.

Table 4.5 summarizes the figures that document gage locations for the dynamictests. 

,,
Kulite Model HKS-375 airblast pressure (BP) gages were used to measure ýYthe overpressure-time histories for the dynamic tests. They were located at >'

ground level directly beneath the air HEST charge cavity Airblast gage

ranges used were 500 and 1,000 psi.

Soil stress measurements were made using Kulite SE Model VQV-080-LR soil t
stress gages (SE) which have a range of 200 psi.

Structural (A) and free-field (AFF) accelerations were measured using

Endevco Model 2262 accelerometers. Ranges of the accelerometers varied from

200 to 2,000 g's.

Interface pressure measurements were made using Kulite Model VM-750

transducers with ranges of 200 and 500 psi.

Reinforcement steel strains were measured on the inside (El) and outside

(EO) principal steel using micro-measurement single-axis, metal film, 350-ohm,

temperature-compensated, 1/8-inch strain gages. The model number of these

gages is EA-06-125BZ-350-W and the range is ±50,000 uin/in.

Roof girder strains (Test D1 only) were measured using micro-measurement

1/14-inch strain gages (similar to those above).. Gage locations (GT and GB)
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are shown In Figure 4.11. The model number of these gages is EA-06-250BF- .

350-W and the range is ±50,000 uin/in.
Column loads (Test D1 only) were measured using pairs of 1/4-inch micro-

measurement strain gages (Model No. EA-06-250BF-350-W), which were located on

the column web at midheight of the column. Two columns (LC1 and LC2) were

strain gaged and calibrated as load tells.

Passive deflection measurements were made using scratch gages (Si, S2)

located at midspan in all dynamic tests except Test D8. These gages recorded

the maximum midspan deflection and rebound. .

4.3.2 Static Test Gage Locations

Gages for the static tests included water pressure, interface pressure,

soil stress, deflection, rebar strain, roof girder strain (Test S1 only), and

column load (Test SI only). Gage locations are shown in Figures 4.9, 4.10,

4.11, 4.15, and 4.19 through 4.22. Table 4.6 summarizes the figures that

document gage locations for the static tests.

Static water pressure measuremenms were made using two Norwood

Model 211-34 pressure transducers that are capable of measuring a maximum -i

of 1,000 psi. These transducers were mounted on the B-ring of the LBLG for

Test SI and on the lid of the SBLG for Tests S3, S4, S5, S6, and S7.

Deflection measurements were made at center-span in one location in

Tests S3, S4, S5, S6, and S7, and at two locations in Test S1. The deflec-

tion gage used was a Transtek LVDT (Linearly Variable Differential Trans-

former) Model 246 with a maximum range of 6 inches.

Soil stress, interface pressure, rebar strain, roof girder strain

(Test S1 only), and column load cells (Test S1 only) were identical to

those used in the dynamic tests as described in Section 4.3.1.
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Table 4.1. Static and dynamic test matrix.

b Back- d,
Element DOB c Parameter

Test_ a Element Type in fillc psi Investigated

SI SI 1 12 S 6,195 Baseline

S3 S3 2 0 S 5,210 DOB = 0

S4 S4 2 12 S 5,235 Baseline

35 S5 2 12 RCS 5,605 Backfill

S6 S6 2 12 S 3,485 Concrete strength

S7 S7 2 12 CSG 4,515 Backfill

D1 D1 1 12 S 6,150 Baseline

D2 D2 2 0 S 5,280 DOB = 0

D3 D3 2 12 S 4,990 Pso "

D3A D3 2 12 S -- Repeated hit

D3B D3 2 12 S -- Repeated hit I
D3C D3 2 12 S -- Repeated hit -"
D4 D4 2 12 S 5,000 Baseline

D5 D5 2 12 RCS 5,120 Backfill 4
06 D6 2 12 S 3,220 Concrete strength

D7 D7 2 12 CSG 4,120 Backfill C

Multi- D3, D4, D5, 2 1 2 b S -- Repeated hit
hit D6, D7

D8 D8, D4, D6 2 12 S 5,305 Repeated hit on
(D8) D4 and D6

aTest numbers preceded by an S are static PAd by a D are dynamic.
DOB : 6 inches for Element D7.
S = flume sand, RCS = red clayey sand, CSG = clayey sand with gravel.

Design 28-day concrete strengths were 2,500 psi for Elements S6 and D6 and
4,000 psi for the remaining elements. Concrete strengths presented are day-
of-test strengths.
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Table 4.2 Charge densities for dynamic tests.

Number of
Strands of 50-gpf Charge

Test Primacord Density, lb/ft 3

Dl 88 0.0140
D2 88 0.0140 II
D3 20 0.0032
D3A 29 0.0046
D3B 59 0.0079
D3C 74 O.u118 1
D4 88 0.0140
D5 88 0.0140,D6 88 0.0140
D7 88 0.0140

Multi-hit 88 0.0140
D8 120 0.0190
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Table 4.4. Number of channels of in3trumentation for
the static tests.

Roof
Water Soil Deflec- Interface Rebar Girder Load

Test Pressure Stress tion Pressure Strain Strain Cell Total

Si 2 7 2 22 26 8 2 69

S3 2 4 1 6 22 0 0 35

S4 2 6 1 11 22 0 0 42

S5 2 6 1 11 22 0 0 42

S6 2 6 1 11 22 0 0 42

S7 2 6 1 11 22 0 0 42

STotal 272
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Table 4.6. Gage location drawing matrix for the static tests.

Roof
Water Soil Interface Rebar Girder Column

Test Pressure Stress Deflection Pressure Strain Strain Load Cell
S1 a4.19 4.9 4.9 4.10 14.11 4.9

S3 a 4.20 4.22 4.22 4.15 b b

S4 a 4.21 4.22 4.22 4.15 b b

S7 a 4.21 4.22 4.22 4.15 b b

WaWater pressure gages located on B-ring of LBLG for Test S1 and on the SLBG

lid for Tests S3, S4, S5, S6, and S7.
Not used.
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CHAPTER 5

RESULTS •j

5.1 DYNAMIC TEST PESULTS

The dynamic tests reported herein of approximately 1/4-scale model struc-

tures took place from 1 July to 16 Septenber 1983. A total of 12 dynamic

tests were performed as described in the preceding chapters.

5.1.1 Nuclear Weapon Simulation

The dynamic surface loading for each test was produced by the air HEST

procedure discussed in Chapter 4. Typical overpressure-time records with the

simulated weapon superimposed are shown in Figures 5.1 and 5.2. Figure 5.1 is

a typical weapon simulation for a low-pressure test (D3). The simulated yield

is 122 KT with a simulated peak overpressure of 61 psi. Figure 5.2 is a typ-

ical weapon simulation for a high-pressure test (D4). The simulation "ield is .-,

23 KT with a simulated peak overpressure of 140 psi. These weapon simula-tions

were determined by a comparison of nuclear overpressure-time histories, as

defined by S. J. Speicher and H. L. Brode (Reference 6), with 20 ms (taking '2
time equal zero after the blast wave reaches the blast pressure ga&e) of an

airblast pressure-time record recorded during the test. A best fit was deter-

mined for each airblast data record using the principle of least squares as

determined from a computer program developed by Mlakar and Walker (Refer-

ence 7) and modified by Mr. J. T. Baylot of WES. The program was modified to
fit impulse rather than pressure as in the original program. The weapon

simulations for each recovered airblast data ret ard are listed in Table 5.1.

Tests D3, D3A, D3B, and D3C were performed to determine an overpressure

that would cause significant damage. After these four tests were performed,

it was decided that the air HEST charge density should be 0.014 lb/ft 3 in the

remaining tests where the effects of element type, backfill type, concrete

strength, and DOB on structural response were compared.

5.1.2 Structural Damage

Structural response (midspan roof deflection) for each test is summa-

rized in Table 5.2. Roof-wall joint rotations for each test are summarized in

Table 5.3. Rigid body motion of the test clements was inconsistent based on
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overpressure. For the most part, rigid body displacements were small (0.1 to

0.5 inch) except in Test D5, in which an average permanent rigid body dis-

placement of 1.7 inches was recorded. Test D5 resulted in 1.13 inches of

floor response. Test D5 was the only test in which it was clear that the

bearing capacity of the foundation material was exceeded.

5.1.2.1 Test DI. Test D1 was a baseline test (DOB 1 1 foot, sand back-

fill) on the Type 1 element. The test simulated a nuclea, weapon with 12-KT

yield at 127 psi. Maximum midspan roof response, including 5/16-inch rebound,

was 9/16 inch. This occu,-ed at Scratch Gage Si where the permanent set wps

1/4 inch. Scratch Gage S2 recorded a maximum response of 3/8 inch with

1/4-inch rebound, which yields a 1/8-inch permanent set at midspan (16 incheq

from the end of the structure). Two-way action near the end of the structure

explains the difference in response of the roof slab at scratch gage locations

S1 and S2. As shown in Figures 5.3 and 5.4, concrete cracking was minor.

Tensile cracks were noted in the roof at the walls and over the interior sup-

port (structural steel frame). Since the bottom of the roof slab was covered

with the corrugated steel decking, no roof cracks could be seen from inside

the structure. No visible damage was noted to the roof and floor girders or

the columns. No cracking was noted at the girder-to-wall connection.

5.1.2.2 Test D2. Test D2 was a surface-flush (DOB = C) test on a Type 2 .L]

element. The test simulated a nuclear weapon with a 14-KT yield at 129 psi.

As shown in Figure 5.5, the roof was severed at midsDan and the walls failed

at 18 inches from the floor (east wall) and 16 inches from the floor (west

wall). An analysis of the strain data indicates that the midspan of the roof

failed before thp walls yielded (5 ms for the roof and 15 ms for the wall).

All outside rebars were broken in the wall failure planes. At the west roof-. .-

wall joint, seven of nine top roof rebars were broken. At the east roof-wall A
joint, eight of nine top roof rebars were broken. No bottom roof steel was

broken at the supports. All principal reinforcing steel was broken at mid-

span. Necking down of reinforcing steel was noted at all failure planes.

5.1.2.3 Test D3. Test D3 was a test on a Type 2 element in sand back-

fill with a DOB of 1 foot. The purpose of Test D3 was to validate the 50-psi

design. Element D3 was th~n retested at higher overpressures to evaluate re-

peated hits and to establish an overpressure for the tests on different back-

fill types and concrete strengths. The nuclear weapon simulated in Test D3

(based on an average of the surviving airblast records had a yield of 2;9 KT
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at 34 psi. Maximum midspan roof response was 1/16 inch with no evidence of'

rebound. As shown in Figure 5.6 concrete cracking was minimal. Hairline

cracks formed at the top of the roof slab over thie interior face of each wall

as shown in Figure 5.6. Also, two hairlini (racks that extend the length of
the box were formed on the bottom of the rooi' slab as shown in Figure 5.7.

These cracks were located 2-1/2 inches west of the slab midspan and
1-1/2 inches east of the slab midspan.

Test D3A was a retest of Element D3 in sand backfill with DOB equal to

1 foot. The test simulated a nuclear weapon with a yield of 343 KT at 62 psi. ,o

Maximum midspan roof response was 3/16 inch with 1/8-inch rebound yielding an

additional permanent set of 1/16 inch and a total permanent set of 1/8 inch.
W"I.-

The crack patterns formed in Test D3 remained with no additional cracking.

Figure 5.8 is a posttest view of Test D3A.

Test D3B was the third kest on Element D3. The DOB was 1 foot in sand ... "

backfill. The simulated nuclear weapon yield was 9,920 KT at 60 psi. Maximum
.midspan roof response was 5/16 inch with 9/32-inch rebound which resulted in .*"

an additional 1/32 inch of permanent deflection and a total permanent deflec-

tion of 5/32 inch. Roof crack patterns are shown in Figure 5.9. Longitudinal

cracks 4 to 5 inches from midspan were formed in addition to the existing

cracks from the first two tests on Element D3 (compare Figures 5.7 and 5.9).
Test D3C was the fourth test on Element D3. The DOB was 1 foot in sand V '

backfill. The test simulated a nuclear weapon of 18 KT at 129 psi. Maximum
midspan roof response was 21/32 inch with a rebound of 5/16 inch. This test

resulted in an additional permanent deflection of 11/32 inch and a total

permanent midspan deflection of 1/2 inch. The roof crack pattern was un-

changed from Test D3B. The width of the existing cracks increased from hair-
line cracks to 1/"6- to 1/8-inch-wide cracks. Figure 5.10 shows an end view

of the roof cracks, a side view of the crack at the roof-wall connection (typ-
ical of both walls), and minor hairline cracks in the top of the floor slab.

5.1.2.4 Test D4. Test D4 was a baseline test (DOB = 1 f0oot in sand) on A
a Type 2 element. The test simulated a nuclear weapon of 18 KT at 142 psi.

Maximum response including 7/32-inch rebound was 23/32 inch, which yielded a
roof midspan permanent set of 1/2 inch. Midspan roof cracking occurred over a

10-inch length as shown in Figure 5.11. Some crushing of concrete was noted
at midspan as shown in Figure 5.12. Figure 5.12 also shows roof cracking at

the supports. Only hairline cracks were noted in the flcor slab.
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5.1.2.5 Test D5. Test D5 was identical to Test D4 except the backfill

material used was red clayey sand instead of sand. The nuclear weapon simula-

tion was 77 KT at 158 psi peak overpressure. Maximum midspan roof response,

including 11/32-inch rebound, was 1-7/32 i,•ch.s, which resulted in a permanent

set of 7/8 inch. Roof cracking was similar to Test D4. The major difference

in the results of Tests D5 and D4 was floor damage in Test D5. In Test D5 "•

there was a 1-1/8 inch permanent set in the floor slab. The floor crack pat-

tern is shown in Figure 5.13. Note that cracks along the free end of the

floor slab shown in Figure 5.13 were caused by the end plate supports and

should not be interpreted as a typical failure mechanism.

5.1.2.6 Test D6. Test D6 was identical to Test D4 except the conc-ete

strength was 3,220 psi instead of 5,000 psi. 'Tne test simulated a 23-KT

nuclear weapon at 141 psi peak overpressure. Maximum midspan roof response

(including 5/16-inch rebound) was 1 inch, which yieldel a permanent set of

11/16 inch. This test showed that the decrease in concrete strength did not

significantly increase roof response. Concrete crack patterns were similar to

Test D4. However, the area of crushed concrete (Figure 5.14) at the roof mid-

span was about 50 percent wider (1-1/2 inches versus 1 inh) on Test D5 than

on Test D4.

5.1.2.7 Test D7. Test D7 was identical to Test D4 except the backfill

material was a clayey sand with gravel. The nuclear weapon simulation was

58 KT at 13; psi. Maximum midspan roof response was 1-1/32 inches with

3/8-inch rebound, which yielded 21/32 inch permanent set. Crack patterns

were similar to Test D4 on the roof and floor slabs.

5.1.2.8 Multi-hit Test. The multi-hit test was a retest of Elements D3,

D4, D5, D6, and D7. DOP was 1 foot except for Element D7 which was buried

6 inches. Backfill was sand. The test simulated a !6-KT nuclear weapon at

134 psi peak overpressure. A posttest photograph of the multi-hit test is

shown in Figure 5.15. This test was the fifth hit on Element D3. The maximum

idspan roof deflection in this test was 1/2 inch with a rebound of 3/16 inch,

which yields an additional permanent set of 5/16 inch and a total permanent

set of 13/16 inch. This test was the second test of Elements D4, D5, D6, and

D7. The maximum midspan roof deflection of Element D4 was 9/16 inch with

3/8-inch rebound, which yields an additional permanent set of 3/16 inch and a

total permanent set of 11/16 inch. The scratch gage on Element D5 broke dur-

ing the test so maximum response and rebound were not measured. The permanent
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response measured in this test was 3/16 inch, for a total permanent set of

1-1/16 inches. No additional floor response or cracking was noted on Element

D5. The maximum midspan roof deflection on Element D6 was 3/8 inch with nor 'rebound, which yielded a total permanent set of 1-1/16 inches. Element D7

(DOB = 6 inches) suffered collapse of the roof slab and walls as shown in

Figure 5.16. The west roof-wall connection failed and the wes'L wall failed

8 inches from the top of the floor slab. The east wall failed at 23 inches

from the top of the floor slab. At center span of the roof slab all nine

bottom bars were broken and one top bar was broken. At the west roof-wall

connection, all nine top bars and three bottom bars were broken. No bars were

broken in the west wall failure plane of the east roof-wall connection. In

the east wall failure plane, seven outside bars and no inside bars were

broken.

5.1.2.9 Test D8. Test D8 was the first test on Element D8 and the third

test on Elements D4 and D6. DOB for each element was 1 foot in sand backfill.

The test simulated a 6-KT nuclear weapon at a peak overpressure of 134 psi.

Figure 5.17 is a posttest view of the elements in Test D8. Element D8 had

minor damage with a roof midspan permanent response of 1/2 inch (maximum

response and rebound were not measured). Element D4 had a maxim..m roof mid-

span response of 3/4 inch with 7/16-inch rebound which yields an additional

permanent set of 5/16 inch and a total permanent set of 1 inch. Cracking of

the roof slab remained the same as in the multi-hit test for Element D4. Max-

imum tensile crack widths were 3/16 inch. Element D6 sustained 5-13/16 inches

of additional permanent roof response for a total of 6-7/8 inches of permanent
set as shown in Figure 5.18. At the roof midspan of Element D6, the area of

crushed concrete varied from 1-1/2 to 2 inches wide and all bottom bars were

broken. The crack width at midspan was a maximum of 1-3/8 inches. No broken

tensile steel was noted at the supports. Test D8 showed that the low-strength

concrete element (D6) did not have the reserve capacity to withstand tnree

hits at approximately 130 to 140 psi peak overpressure Element D4 had ade-

quate reserve capacity to withstand three hils.

5.1.3 Surmary of the Dynamic

Test Results

Based on the results of the 12 dynamic tests, the following statements

can be made:
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1. Tests at pressures below 100 psi resulted in very low damage levels

(less than 1/2 inch midspan roof response).

2. The dynamic structural capacity in the backfills used in these tests

at DOB of 1 foot ( 1/4-scale) was not exceeded at overpressure up to 158 psi.

3. A test at DOB equal to 0 inch (D2) and a retest at DOB equal to

6 inches (multi-hit: DW) at peak overpressures of approximately 130 psi re-

suited in structural collapse, while tests with DOB equal to 1 foot resulted

j •in minor damage.

4. Tests in alternate backillls with lower shear strengths than sand

I ij "resulted in acceptable performance except in Test D5 in which there was con-

siderable floor damage. The specifications for foundation backfill material

"may need to be more strict than for backfill over the structure.

5. The low-strength concrete element (D6) performed adequately in two

tests at mora than twice the design pressure level but failed on the third

test. Althcugh no testing of the low-strength concrete was performed at 50

psi, the loti-strength element appeared to have adequate reserve capacity to

resist many repeated hits at the design overpressure of 50 psi.

6. The Type 2 models that were tested to failure did not appear to have

adequate lcad-bearing capacity at deflections greater than about 1-1/2 to

2 inches. The tensile steel appeared to have fractured at the onset of ten-

"s nile membrane response which resulted in large deflections and/or failure.

5.2 STATIC TEST RESULTS

The static tests reported herein of approximately 1/4-scale model -struc-

tures took place from 13 October 1983 to 16 January 1984. A total of six

static tests were performed as described in the preceding chapters.

5.2.1 Static Load Capacity

A comparison of the static ultimate 2apacities for each test is given in

Table 5.4. Test S4 was a baseline test on a Type 2 element with a 4,030-psi

28-day concrete mix design and a DOB of 1 foot in sand backfill. The ultimate

resistance was approximately 185 psi. Test S3 was performed to investiga~e

:" the effects of soil cover. In Test S3 with no soil cover, the ultimate resis-

tance was approximately 44 psi or only 24 percent of Test S4. Test S6 was a
•i :J•test identical to Test S4 except that the concrete in Element S6 was designed

to have a 28-day compressive strength of 2,500 psi. The ultimate capacity of

80



Test S6 was 164 psi or 89 percent of that of Test S4. Test S5 was identical

to Test S4 except a red clayey sand was used as backfill instead of flume
I • sand. The ultimate capacity of S5 was 96 psi or 52 percent of Test S4.

Test S7 was identical to S4 except that a clayey sand with gravel backfill was

used. The ultimate capacity of S7 was 81 psi or 45 percent of S4. Test Si

'was a baseline test on the Type 1 element. The ultimate capacity for Test SI

was limited to approximately 100 psi due to premature failure caused by col-

i- lapse of the interior support which consisted of a structural steel frame.

Test S1 was expected to have a capacity equal to or slightly greater than

Test S4.

I In general the data were consistent in the static tests except that

Test S7 had a lower ultimate resistance than Test S5. Test S7 had the clayey

. sand with gravel backfill which had more shear strength than the red clayey

sand backfill of Test S5. A partial explanation of this is that the concrete

I strength of Element S7 was approximately 1,100 psi less than S5 (4,515 versus

5,605 psi). Comparing Tests S4 and S6 (both in sand backfill) which had a

difference in concrete strength of 1,750 psi (5,235 versus 3,485 psi) resulted

in a reduction in ultimate capacity of 11.3 percent (185 versus 164 psi).

J Test S7 had an ultimate capacity 15.6 percent lower than Test S5 (81 versus

96 psi). Also, a partial explanation of the difference is scatter in the

data.

5.2.2 Structural Damage and
Load Response

Table 5.5 compares the load-deflection behavior of the static tests. The

"load-deflection points presented in Table 5.5 are as follows: Points A are

deflection and load at ultimate resistance, Points B are at the point when

"compressive membrane action ends, Points C are at the onset of tensile mem-

brane action, and Points D are at the peak test pressure before the test was

terminated. These points are shown on a. load-deflection curve in Figure 5.19.

S A The load-deflection curves will be analyzed in the next chapter in detail. In

general, the tests in the alternate backfills (S5 and S7) reached ultimate

capacity at larger deflections than the tests in sand backfill. Only Test S7

developed load resistance equal to the ultimate capacity in the tensile

3i membrane region (large deflections). Test S7 developed the lowest ultimate

resistance of any of the buried tests so the tensile membrane action only had
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to increase the capacity by 10 psi to reach ultimate resistance. Tests S3 and

S5 showed almost no tensile membrane enhancement. Test S4 showed an increase

in capacity of about 20 psi and Test S7 showed an increase in capacity of

about 30 psi at large deflections.

Posttest photographs of Test SI are shown in Figures 5.20 and 5.21. When

the roof collapsed, it split into three approximately equal segments as shown

in Figure 5.20. Also shown in Figure 5.20 is evidence of considerable two-way

action. The center one-third section of the roof slab acted as a one-way slab

with all of the roof principal steel at the walls broken, but none of the roof

"principal steel at the interior support broken. Figure 5.22 shows the final

condition of the interior structural steel columns. All three columns had

buckled. Figure 5.23 shows the roof' girder from Test Si. Evidence of warping

of the roof girder was noted; however, it was not clear from the test results

if warping of the girder or buckling of the columns caused the premature roof

r "A collapse.

Figures 5.24 and 5.25 show typical posttest views of a Type 2 element.

The only differences noted between tests were crack widths and area of crushed

concrete. The results of the Type 2 static element tests are presented in

Table 5.6. The only comparison in Table 5.6 that appears to be significant is

that the width of crushed concrete at the roof midspan was larger in Test S5

than in any other test. Test S5 had a lower ultimate capacity than the tests

"buried in sand backfill (S4 and 56).

5.2.3 Summary of the Static
Test Results

Based on the results of the six static tests the following statements can

be made:

1. The interior structural steel frame failed before the ultimate static

capacity of the roof was reached in Test S1.
2. Comparing Tests S4, S5, and S7 shows a significant difference in

ultimate capacity due to backfill type.

3. Comparing Tests 14 and 56 shows no significant difference in ultimate
capacity due to concrete strength in sand backfill.

4. As noted in the dynamic tests, the capacity of the roof slab was not

adequate at deflections greater than the thickness of the roof slab.
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5.3 RECOVERED DATA

A data summary for each test and all recovered electronic data are

included in Appendix B. The data for each dynamic test are referenced

to a common zero time and are displayed with time in milliseconds as the

abscissa. The data for each static test are displayed with reference pressure

as the ordinate.

j Data recovery was good for all the tests. In the lower-pressure

(<100 psi.) dynamic tests there is considerable scatter in the airblast pres-

sure data and some disagreement between airblast pressure and soil stress

data. The pressure level presented in this chapter for each dynamic test is

given as the average simulation based on the average of all recovered airblast

pressure records. This average simulation appears to be low for Tests D3,

D3A, and D3B when the soil stress records are considered. Tape machine head

alignment was corrected after the first three tests, and the consistency of

N the data improved on the remaining dynamic tests.
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Table 5.2. Dynamic test results: midspan deflection.

The accuracy of response measurements is to the nearest 1/32 in, and measure-
ments were ma-e at midspan at mid-width of the roof slab.

Total
Maximum Permanent Permanent
Response Rebound Deflection Deflection

Test Element in in in _ n

D1 D1 0.56 0.31 0.25 (Si) 0.25
0.37 0.25 0.12 (S2) 0.12

D2 P2 Collapse 0 Collapse Collapse

"D3 D3 0.06 0 0.06 0.06

D3A D3 0.19 0.12 0.07 0.13

D3B D3 0.31 0.28 0.03 0.16

D3C D3 0.65 0.31 0.34 0.50

D4 D4 0.72 0.22 0.50 0.50

D5 D5 1.22 0.34 0.88 0.88

D6 D6 1.00 0.31 0.69 0.69

D7 D7 1.04 0.38 0.66 0.66

"Multi- D3 0.50 0.19 0.31 0.81
hit D4 0.57 0.38 0.19 0.69

D5 Scratch gage broken 0.19 1.07
D6 0.38 0 0.38 1.07
D7 Collapse 0 Collapse Collapse

D8 D8 No scratch gage 0.50 0.50
D4 0.75 0.44 0.31 1.00
D6 5.81 0 5.81 6.88

'~8
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Table 5.3. Dynamic test roof-to-wall joint rotations.

ea b
Test Element E oW

. D1 D1 c c

D2 D2 Collapse Collapse

SD3 D3 e e

D3A D3 c c

D3B D3 a c

D3C D3 0.032 0.042

D4 D4 0.041 0.031

D5 D5 0.050 0.031

D6 D6 0.042 0.052

D7 D7 0.032 0.042

Multi-hit D3 0.050 0.039
D4 0.055 0.039
D5 0.050 0.033
D6 0.042 0.055
D7 Collapse Collapse

D8 D8 0.021 0.027
D4 0.027 0.043
D6 0.333 0.361

I

a i
boE is the roof rotation at the top of the east wall in radians.

wbe is the roof rotation at the top of the west wall in radians.

CRotations could not be measured on Test D1 and were not measured on Tests D3,
D3A, and D3C since deflections were small.
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Table 5.4. Comparison of static ultimate capacities.

Test Ultimate Capacity, psi Comments a

S1 100b Type I element

S3 44 Surface flush

S4 185 Baseline test

S5 96 Red clayey sand backfill

06 164 Low-strength concrete

S7 81 Clayey sand with gravel backfill

aunless noted, the element type was 2, the backfill was flume sand, the con-

crete strength was 4,000 psi (28-day mix design), and the DOB was 1 foot.
buitimate capacity limited by failure of interior structural steel support.

Table 5.5. Static load-deflection behavior.

•A PA B8 P3 C PC A D PD

Test in___i in psi in " in 01i

$ 1a 0.5 --00-......

S3 0.5 44 2.0 17 3 17 4.5 21

S4 0.7 185 2.3 65 2.3 65 4.5 85

S5b 1.2 95 1.6 70 2.3 68 .. ..

S6 0.7 164 1.6 80 2.4 60 4.6 90

S7 1.4 81 2.0 68 3.5 70 4.5 80

aTest SI collapsed at approximately 100 psi.
bTest S5 was stopped at 2.3 in of deflection when no increase in capacity in

the tensile membrane region was observed.
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Table 5.6. Comparison of Type 2 static test results.
Columns 4 and 5 represent average values at mid-structure length.

Permanent Width of Crushed
Parameter Midspan Concrete, Top of Width of Midspan

Test Varied Deflection, in Midspan, in Tensile Crack, in

S3 DOB z 0 4.5 2.1 1.0
S4 Baseline 4.4 2.5 1.3
S5 Backfill 2.3 2.9 0.8
S6 ft 4.4 2.5 1.4

S7 Backfill 4.4 2.2 1.0

I8
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Figure 5.1. Overpressure-time, impulse-time records, and weapon fit
for a low-pressure test. (Solid lines are data and
dots are weapon fits.)
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Figure 5.2. Overpressure-time, impulse-time records, and weapon fit
for a high-pressure test. (Solid lines are data and
dots are weapon fits.)

89



t%%

Figure 5.3. Posttest view of Type 1 element (DI).

Figure 5.4. Type 1 element following Test D1.
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Figure 5.7. Bottom of Element D3 roof slab following Test D23.

Figure 5.8. Posttest view of D3 test element after Test 03A.
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i. Figure 5.9. Roof crack patterns, Test Element D3 following Test D3B.
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I•Figure 5.13. Posttest view of Test Element D5.
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Figure 5.14. Posttest view of Test Element D6.
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Figure 5.15. Posttest view of multi-hit test.
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Figure 5.19. Expected load-deflection behavior for static tests.
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Figure 5.20. Overhead view of
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Figure 5.22. Interior structural steel columns following Test Si.

Figure 5.23. Roof girder fol-
lowing Test SI.
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Figure 5.24. Posttest view of Type 2 Plement (S4).

-1yI

'I

Figure 5.25. Closeup view of test element following Test S4.

101



CHAPTER 6

ANALYSIS

Chapter 6 includes analysis of the dynamic test data for attenuation

factors, reflection factors, soil arching, loading wave velocity and lateral

pressure coefficients. Also included are structural response calculations

using the VSBS6 code (Reference 1), in-structure shock calculations, and an

analysis of the static load-deflection behavior. Nuclear weapon simulations

for each dynamic test are included ii Chapter 5.

6.1 ANALYSIS OF FREE-FIELD AND

STRUCTURE LOADING DATA

6.1.1 Loading Wave Velocity

Loading wave velocities (CL) were determined from airblast and soil

stress data from the dynamic tests. As described in Chapter 4, airblast pres-

sure and soil stress measurements were made in each test. Using the loading
wave arrival times for airblast pressure gages at the ground surface and soil

stress gages (at depths ranging from 6 inches from the ground surface to the

level of the structure floor) in line with the airblast pressure gages and

perpendicular with the direction of detonation of the HEST cavity, loading

wave velocities were calculated. Table 6.1 summarizes average loading wave

velocities for each test. In the tests in sand backfill the loading wave

velocities varied from 1,025 to 1,455 ft/s with the average being 1,269 ft/s.

In the red clayey sand backfill (Test D5) the loading wave velocity was
1,309 ft/s. In the clayey sand with gravel (Test D7) the loading wave veloc-

ity was 1,111 ft/s. There was no significant difference in loading wave

velocity due to backfill type. Structural response calculations should be

made using a loading wave velocity of about 1,200 ft/s.

6.1.2 Lateral Soil Pressure Coefficient

The lateral soil pressure coefficient (K0 ) is defined as the ratio of

horizontal to vertical soil pressures. The importance of this coefficient is

that the wall loading 13 determined by this coefficient and the magnitude of

the vertical stress. From the wall loading, the externally applie2 in-plane

thrust on the roof slab is determined, which influences the load-bearing

capacity of the roof.
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Table 6.1 lists the experimentally determined lateral soil pressure coef-

ficients. They were determined using vertical and horizontal soil stress mea-

surements in the dynamic tests. In the tests in sand backfill, Ko ranged

from 0.43 to 0.67, with the average being 0.50. In the test in red clayey

sand (D5) K was 0.50, and in the test in clayey sand with gravel (D7), Ko

was 0.51. For analysis it is suggested that Ko be taken as 0.50.

6.i.2 Reflection Factor

The loads on the roof of a burled structure are increased initially due

to reflection of the loading wave. This reflection increases the peak stress

but the amplitude of this reflected stress decreases rapidly due to tensile

wave reflections from the concrete-air interface at the bottom of the roof

slab and/or from wave interactions with t-la free soil surface. Therefore, the

duration of the reflected stress spike is a function of the roof thickness,

compression wave speed in the roof (10,000 ft/s for concrete), the backfill

material properties, loading wave velocity in the backfill, and the DOB.

Experimentally determined reflection factors based on free-field stress

measurements at the roof level and interface stress measurements at the roof-

soil boundary are presented in Table 6.1, along with observed reflected stress

durations. In the tests in sand, the stress reflection factor ranged from

1.33 tu 2.26, with an average of 1.51. The duration of the reflected spike

ranged from 0.80 to 1.30 ms with an average of 0.97. In the test in the red

clayey sand backfill (D5) the reflection factor was 1.33 with a duration of

1.63 ms. In the test in clayey sand with gravel backfill (D7) the reflection

factor was 1.20 with a duration of 1.55 ms. The tests in the alternate back-

fills (D5 and D7) appeared to have lower reflection factors and longer dura-

tions than the tests in sand. The computational procedure (VSBS6) described

in Reference 1 uses a reflection factor of 1.6 and calculates a reflected

spike duration of 1.10 Ms. These values show reasonable agreement with the

data from the tests in sand backfill.

6.1.4 Attenuation Factor

The attenuation of peak stress with increasing depth is due to both the

spatial decay of the shock front and hysteretic losses in the soil. A pro-

cedure for including hysteretic effects in computing peak stress at depth

is outlined in Reference 8. In this section attenuaion factors will be
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determined at depths of the test element roof, midheight of the wall, and top

of the floor slab using the free-field soil stress data and the procedure

given in Reference 8. The results of this analysis are given in Table 6.2.

Thero is considerable scatter and inconsistency in the experimentally deter-

mined attenuation factors. This is due in part to the nuclear weapon simula-

tor used in these tests. The air HEST charge cavity produces very large

spikes in the airblast surface loading, which are not characteristic of a

nuclear detonation. This spike normally does not travel very deep into the

baekfill, but in these tests it affected the free-field stress as deep as the

roof level as shown in Tablt 6.2 (a > 1). in the calculation of attenuation
Y

factors shown in Table 6.2, the peak simulated blast pressure was used with

free-field data. If the actual peak blast pressures were used, the attenua-
tion factors would be about one-fifth of the values shown in Table 6.2. The

attenuation factors calculated at the test structure wall midheight and floor
levels are not significantly affected by the large spikes of the airblast

loading.
The theoretical attenuation factors calculated by the VSBS6 code de-

scribed in Reference 1 range from 0.95 to 0.99 at all elevations in the back-
fill. This does not agree very well with the experimentally determined fac-

tors. This does not affect the calculation of the roof loading since the
theoretical attenuation factor was approximately one at the roof level, but
calculation of the wall loading is affected since there was significant atten-
uation of the surface loading at mid-structure height and at the floor level
which differs from the code prediction.

6.!.5 Soil Arching

Soil arching is defined as the ability of a soil to traisfer loads from
one locatiun to aoother in response to a relative displacement between the
locations. A system of shear stresses is the mechajlism oy which the loads are
transferred; thus, the shear strength of the backfill is of considerable im-
portance in determining the effects of soil arching. The other parameters
that influence soil-structure interaction are the clear span of the structure,
the length of the structure, and the DOB of the structure. A more detailed
description of soil arching is given in Reference 1. The effects of soil

arching on roof load distribution are illustrated in Figure 6.1.

Soil arching ratios (ratio of average roof stress to free-field stress at
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the roof level) were determined for the dynamic tests from a comparison of

roof interface pressure data and free-field soil stress data by:

1. Fitting a parabola of the form y = a + bx 2  to the interface pres-

sure data at incremental time steps to define the roof pressure distribution

as a function of time.

2. Integrating the parabolic definition of the ruof pressure distribu-

tion across the clear span of the roof to find the total roof loading as a

A function of time.

3. Dividing the total roof load by the clear span to calculate an aver-

age roof stress as a function of time.

4. Calculating the arching ratio (CA) as the ratio of average roof

stress to free-field stress as a function of time.

Soil arching ratio calculations were performed for the dynamic tests using 20

and 50 ms of data. The results of this analysis are presented in Table 6.3

and are compared to theoretical soil arching calculations as developed by

Kiger (Reference 1). Figure 6.2 shows a typical soil arching ratio versus

time plot.

Static soil arching calculations were also performed in a similar manner

as the dynamic soil arching calculations, However, instead of calculating

soil arching ratios as a function of time, the soil arching ratios were cal-

culated and plotted as a function of static surface pressure. The results

of the static soil arching analysis are compared to theoretical values in

Table 6.4.
V Considerable scatter exists in the dynamic and static soil arching cal-

4 culations. In general, the experimental arching Latios were higher than the

theoretical arching ratios. In the dynamic tests in the alternate backfills,

1 the arching ratios were lower than in the tests in sand backfill (instead of

* •higher, as expected). Statically the trend in arching ratio behaved as ex-

pected. The data indicate that the computational model may need improvement

to more accurately predict the roof loading of buried structures.

6.2 STRUCTURAL RESPONSE AND
CAPACITY CALCULATIONS

6.2.1 Analysis Using VSBS6

The VSBS6 (Reference 1) computer code is a single-degree-of-freedom com-

putational model that includes the effects of soil-structure interaction in
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calculating the response of 6hallow-buried, flat-roofed, reinforced concrete

structures to nuclear detonations. Table 6.5 compares the actual maximum mid-

span roof response to the VSBS6 code preaictions (Column 2). The VSBS6 code

predictions were much too large in every case. The major reason for this is

explained by comparison of the resistance function as calculated by VSBS6 to

actual static test data (see Section 6.2.2). The VSS6 code has been used

with considerable success in predicting the response of shallow-buried struc-

tures in the Defense Nuclear Agency (D!'A)-sponsored Shallow-Buried Structures

Program (Reference 1). These structures were tested with highly impulsive

loads and pushed to large deflections. In these tests the initial portion of

the resistance function is not as important in calculating the maximum re-

sponse as in the FEMA tests. In the FEMA tests the loading was due to a large

weapon yield simulator (the load is quasi-static) and the initial ultimate

capacity was the most important part of the resistance function in the

response calculation.

A modification to the resistance function was made using compressive

membrane theory as described by Park and Gamble (Reference 9). Predictions

were made for the dynamic tests as shown in Column 5 of Table 6.5. The pre-

dictions show much better agreement with test results. Revision of the VSBS6

code is currently in progress at WES. The revised code will include the re-

sults of a test program designed to improve the resistance function.

6.2.2 Static Load-Deflection Behavior

Figure 6.3 compares the experimental load-deflection curve to the resis-

tance function as calculated by the VSBS6 code and the resistance function as

calculated using compressive membrane theory from Reference 9. Figure 6.3

shows that VSBS6 underpredicts the ultimate capacity of the slab by 43 per-

cent. This is due to compressive membrane effects. Compressive membrane

forces are due to jamming of the slab between the boundary restraints, which

causes the slab to arch from boundary to boundary. This induces a self-

generated in-plane thrust which increases the moment capacities at the criti-

cal sections.

Also, the load-deflection curve for Test S3 shows no increase in load

capacity at large deflections (tensile membrane region). This was due to

rupture of the tension steel which prevented both layers of principal steel

acting as a tensile net to resist the static load. Thia indicates that the
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roof slab cannot resist a dynamic load from a large-yield nuclear weapon that

causes a response past the deflection at ultimate capacity of the slab. In

this case the roof load exceeds the roof slab resistance at large deflections,

and since the resistance function is not enhanced in the tensile membrane

region, roof slab collapse results. Therefore, the design deflection for tbr

keyworker blast shelter should be limited to small deflections (no larger than

j 0.5d) unless reinforcement details are revised to yield an increase in capac-

ity at large deflections.

One inconsistency in the static tests was that the ultimate capacity of

Test S5 in the red clayey sand backfill was higher than Test S7 in the higher

shear strength clayey sand with gravel backfill as pointed out in Chapter 5.

Test S5 had an ultimate capacity of 96 psi, while Test, S7 had an ultimate

capacity of 81 psi. Table 6.4 shows that more soil arching took place in

Test S7 than Test S5 (Ca = 0.83 for S7 versus 0.89 for S5) as expected. The

difference in capacity is explained by lower concrete strength in Test S7

(4,515 psi) than in Test S5 (5,605 psi). Ignoring in-plane thrust, the

"moment capacity of 57 is 1,828 in-lb/in and the moment capacity for S5 is

1,949 in-lb/in. The moment capacity for Element S7 is 94 percent of that of

Element S5. Part of the difference in ultimate capacity is also explained by

scatter in the data.

Test S1 failed at approximately 100 psi. The expected ultimate capacity

should have been at least 185 psi. The failure was due to collapse of the

interior structural steel frame. The columns in the model structure should

not buckle elastically and should reach approximately 71,700 pounds before

plastic buckling occurs. The test data indicate column loads in excess of

this amount when the roof collapsed. The column load cell data are in error

at high loads since the columns were calibrated for elastic loads only. Plas-

tic buckling of the columns is a possible failure mode for Test 31.

The other possible failure mode for Test Si is failure of the roof

girder. The allowable design moment capacity of the roof girder is 113 in-k

or an average roof load of 61.5 psi. This load was exceeded during the test.

Looking at strain gage data, only GT-1 indicated any significant yielding.

The posttest photo of the roof girder looks like a case of lateral buck-

"-4 ling; however, this could have occurred after a column buckled and the roof

collapsed.

Since load cell 2 (middle column) recorded the highest axial load and IF6
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(near LC-2) measured the highest interface pressure, it is probable that the

middle column bucklt leading to catastrophic failure of the roof of Ele-

ent S1.

4" 6.3 IN-STRUCTURE SHOCK AND SURVIVABILITY

6.3.1 In-structure Shock

In-structure shock is typically represented in terms of shock spectra.

Shock spectra are plots of the maximum responses (in terms of displacement,

velocity, acceleration, etc.) of all possible !inear oscillators with a spec-

ified amount of damping to a given input base acceleration-time history. Pre-

dictions of shock spectra for the prototype shelter were made by Applied Re-

search Associate3, Inc. (Reference 10). Figure 6.4 is the predicted vertical

shock spectra for the prototype shelter due to a 1-MT surface burst at 50 psi

peak overpressure.

Vertical shock spectra were generated from acceleration data recovered in

the dynamic tesi•i (approximately 1/4-neale) using a computer code developed at
WES. These spectra were scaled up to the prototype shelter and were calcu-

lated using damping of 0, 5, and 10 percent of critical. A comparison of the

experimentally determined shock spectra with the predicted shock spectra shows

that maximum values of displacement, velocity, and acceleration are less than

predicted. Shock spectra for the other tests are presented in Reference 10.

Reference 11 also states that shock levels were slightly higher in the two

clayey sand backfills than in the flume sand backfills. Figure 6.4 compares

the predicted shock spectra as described above with experimentally determined

shock spectra from tests near the design overpressure of 50 psi.

6.3.2 Survivability

*' Figure 6.4 represents vertical shock spectra for the prototype keyworker

blast shelter at peak overpressures approximately equal to the design over-

pressure. These shock spectra can be used to determine if shock isolation 's

needed for a given piece of equipment, provided fragility curves or shock re-

sistances for the equipment are known. Alternatively, these shock spectra can

be used to write shock resistance specifications that equipment must be ablv

to withstand. Figure 6.5 compares experimentally determined shock spectra for

Tests D1 and D3 with safe response spectra for typical floor-mounted equipment
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from Reference 12. Reference 12 also contains safe response spectra for other

equipment that may be of interest. Figure 6.5 shows that motcr generators and

.a communication equipment may need to be shock isolated to survive.

References 13 and 14 discuss human shock tolerance. The effects of shock

on personnel inside the structure depend on the magnitude, duration, fre-

quency, and direction of the motion. Also, the position of the man at the

time of shock influences its effect. References 13 and 14~ conclude that a

standing man will receive compressive injuries in the body-supporting bones if

the upward floor acceleration exceeds 20 g's during a long-duration loading.

The injury threshold increases as the duration of the load decreases. Refer-

ence 13 recommends using a maximum design acceleration of 10 g's at frequen-
cies at or below man's resonant frequency in the standing position (10 Hz).

Experimentally determined shocK spectra show that, at the shelter de3ign over-

pressure, no injury would occur. Since floor displacements in these tests

were downward and relatively small, no compressive injury would be expected in

these tests even at the 150-psi overpressure level. Since human shock toler-

ance is higher in the seated and prone positions than in the standing posi-

tion, the probability of injury decreases.

Impact injuries occur at much lower accelerations than compressive bone

fractures. Generally, impact injuries may occur at acceleration3 of 0.5 to

1 g for an unrestrained man in the standing or seated positions. These in-

juries are the results of falling and hitting the floor or other objects.

j Impact injuries may be reduced by padding or restraining to prevent movement.

4- 6.3.3 Conclusions and Recummendation3
3ased on In-structure Shcuk

Ba3ed on the results of 1/4-scale dynamic testing, in-structure shock in

the keyorker blast shelter is within acceptable limits for occupants. Impact

injuries might be a problem but can be eliminated by padding impact surfaces

K, or restraining personnel to prevent falls. it is recommended that typical

blast-shelter equipment such as generators and communication equipment be

shock isolated to insure survivability.
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N Table 6.1. Experimentally dete:mined loading wave velocities,
lateral soil pressure coefficients, roof refle2-
ion factors, and reflected stress durations.

Test CL I ft/s K0o R td ,ms
De t 455 0.47 2.26 0.80

D2 1,200 0.67 -- --Li D3 1,025 0.44 1.33 0.92
D3A 1,176 0.52 1.81 0.98

D3B 1,143 o.46 1.89 1.15

D3C 1,369 0.45 1.46 1.30

D4 1,300 0.52 1.69 1.25

D5 1,309 0.50 1.33 1.63

D6 1,333 0.52 1.40 1.30

D7 1,111 0.51 1.20 1.55

D8 1,417 o.43 1.75 1.00
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Table 6.2. Experimental attenuation factors.

= attentuation factor at roof level; a = attenuation factor at mid-

"structure height; and af = attenuation factor at floor level.

Test r m _Lf

D1 1.31 -- 0.65
D2 -- 1.05 0.89

D3 i.41 0.90 0.85

D3A 1.04 0.74 0.54

D3B 1.14 0.88 0.58

I D3C 1.18 0.67 0.51
D4 1.13 0.60 0.52

D5 0.88 0.52 --

D6 0.85 0.56 0.r8

D7 0.78 0.42 --

D8 0.99 -- 0.93
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Table 6.3. Dynamic soil arching.

Experimentala Theoreticalb Percent Errorc

Test Ca (20 ms) Ca (50 ms) Ca EI1 E_2

D1 0.71 0.58 0.59 16.9 1.7

D3 0.77 0.73 0.62 19.5 15.1

D3A 0.88 0.76 o.62 29.5 18.4

D3B 0.81 0.75 0.62 23.5 17.3

D3C 0.58 0.54 0.62 6.9 14.8

D4 0.70 0.68 0.62 11.4 8.8

D5 0.57 0.58 0.76 33.3 31.0

D6 0.84 0.68 o.62 26.2 8.8

D7 0.67 0.75 0.73 9.0 2.7

D8 0.52 0.43 0.62 19.2 44.2

Multi-hit

D4 0.65 0.56 0.62 4.6 10.7

D7 0.67 0.46 0.81 20.9 76.1

ac avalues shown are averages based on the durations shown.
ba
Theoretical C a values calculated using a structure length of four times the

clear span for one-way arching except Test D1 (actual structure length was
cUsed).

EI uses 20 ms of data and E2 uses 50 ms of data.
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Table 6.4. Static soil arching.

Ca values shown are average values calculated from reference pressure equals
zero to ultimate capacity for each test.

Experimental Theoretical PercentC C

Test Ca a Error

S1 0.75 0.59 21.3

S4 0.81 0.62 23.5

S5 0 39 0.76 14.6

S6 0.88 0.62 29.5

S7 0.83 0.73 12.0
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Table 6.5. Comparison of actual and predicted roof response.

Actual Roof VSBS6 a Percent Modified VSBS6 b Percent
Test Response, in Prediction, in Error Prediction, in Error

D1 0.56 3.57 538 0.55 1.8

D2 Collapse 10.68 -- 7.70 --

D3 0.06 0.12 100 0.19 217

D4 0.72 4.95 588 0.69 4.2

D5 1.22 10.20 736 3.60 195

D6 1.00 5.27 427 1.08 8.0

D7 1.04 8.17 686 2.02 94

D8 0 .5 0 c 3.13 526 0.60 20

apredictions made with VSBS6 using Speicher-Brode definition of a nuclear

boverpressure.Predictions made using VSBS6 with the resistance function modified to
include compressive membrane effects.

cMaximu deflection was not measured in Test D8. The deflection given is
permanent response, which does not include rebound.
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CHAPTER 7

CONCLUSIONS AND RECOMMENDATIONS

7.1 CONCLUSIONS

The structural design evaluated in these experiments will survive, with

light structural damage, a peak cverpressure of 150 psi from a 1-MT surface

burst. It will survive, with moderate structural damage, at least three re-

peated loadings at a peak overpressure of 150 psi.

Shock spectra computed from floor acceleration data indicate no per'sonnel

tnjury will occur at peak overpressure up to 150 psi. However, some equipment

may need to be isolated on pads rather than hard mounted at the higher over-

pressures. Maximum accelerations and relative displacements at a frequency of

10 Hz Indicated by the spectra are about 8 g's and 0.5 inch at 150-psi peak

overpressure. Since the initial peak motions are downward, only hard-mounted

equipment is affected.

Test results in the flume sand, red clayey sand, and clayey sand with

gravel backfills were very similar. However, significant floor damage

occurred in the test in the red clayey sand. Backfill specifications need not

be as restrictive as currently required except under the floor slab. Relaxing

backfill specifications will reduce construotV: costs since most areas in the

United States have soils that will meet the new specifications.

The structural model with low-strength concrete (compresJive strength,

f, , equal to about 3,OCW psi) survived two repeated loadings at about 150 psi

with approximately the same damage as the higher strength concrete element

(f; equal to 4,500 psi). During the third loading both models survived, but

the model with 3,000-psi concrete sustained much more damage than the model

with 4,500-psi concrete.

For structures buried in a high-shear-strength soil backfl.l, active soil

arching will result in pressure being transferred away from the flexible por-

tion of the roof and onto the hard, interior support points such as walls or

columns. These Intense localized loads can cause a punching shear failure or

Luckling of column supoorts; thus, interior wall supports are preferred. The

Type 1 structural model with an interior structural steel frame failed in the

static test when the columns buckled.

All of the structural models tested responded in flexure with three
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well-defined hinges, one at each support and one in the center of the roof.

These very localized hinges resulted in reinforcement steel rupturing at rel-

atively small roof deflections and little, or no. tensile membrane capacity.

If the principal reinforcement steel were increased and/or repositioned it may

result in the hinge patterns being less localized and a significant increase

in the tensile membrane capacity that is so important for the reserve strength

jto resist repeated hits or significant overloads.

The static test results indicate that compressive membrane stresses are

causing a significantly higher ultimate capacity than expected for the roof

slabs. As a result, the VSBS6 code predictions in general overpredicted

structural response for those experiments where relatively small deflection

occurred (getting the correct maximum capacity was extremely important in

these tests). Code predictions were much better in the experiments with rel-

atively large roof deflection. The VSBS6 code could be improved by including
.1 the initial compressive membrane effects when calculating ultimate capacity of

the roof slab.

7.2 RECOMMENDATIONS

1. Minimum compressive concrete strength requirements should be reduced

from 4,000 to 3,000 psi.

2. Less restrictive backfill specifications should be adopted so chat

:' soils around and above the structure with a minimum internal friction angle
(drained) of 25 degrees are acceptable. Foundation materials should have a

minimum drained internal friction angle of 30 degrees to prevent excessive

floor damage.

3. The minimum DOB (soil cover over the roof) should be 4 feet.
4. The possibility of modifying the placement of principal reinforcement

I " ~steel to enhance tinsile membrane behavior should be investigated.

5. The interior structural steel support frame should be replaced with
cast-in-place or precast reinforced concrete walls.
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DEVELOPMENT OF A NUCLEAR WEAPON SIMULATOR
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During the period April-June 1983, six tests were conducted at Range 36,

Fort Polk, La., to develop a nuclear weapon simulator for the Federal Emer-

gency Management Agency (FEMA) Element Test Program. These tests used the

-High Explos!ve Simulation Technique (HEST) to simulate the peak overpressure

•j and overpressure decay of a nuclear weapon detonation.

The HEST test configuration consists of a charge cavity with high explo-

sive detonator cord uniformly distributed throughout the cavity and sand over-J burden placed on top of the cavity to momentarily confine the blast. The high

explosive used was pentaerythrital tetranitrate made into 50-gpf detonating

cord. The high explosive is detonated by a blasting cap to generate blast

pressure within the charge cavity. The cavity expands, resulting in a decay

in cavity pressure. The rate of pressure decay determines the simulated

Z" weapon yield for a given peak overpressure. The rate of pressure decay is a

function of charge density, cavity plan area, cavity depth, overburden height,

backf ill material properties, and overburden material properties. The

parameters varied in these tests were cavity depth (CD), overburden height

(OH), HEST type (foam or air), and charge density (y). These parameters and

the results of Speicher-Brode nuclear weapon fits to the data are presented in

Table A.1. Estimates of the surface-burst nuclear yield and overpressure

which most closely correspond to the airblast data record were found using th3

principle of least squares and the Speicher-Brode definition of nuclear deto-

nation pressure-time histories. The simulation is based on the best fit to

the impulse-time history as integrated from the recovered airbiast data.

- Figures A.1 thrcigh A.17 show the pressure-time history and impulse-time

history with the nuclear weapon simulation superimposed for each test.
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Table A.1. Parameters and results of Speicher-Brode nuclear weapon.

All fits are based on 20 ms of data and are fitted by least mean square on
impulse. Pressure data for gages identified as average were the average of
the recovered gages for each test.

Simulation

Test Type ,ib/ft 3  CD, ft OH ft Gage W , KT Pso p

1 Foam 0.0160 1 2 BP1 0.01 14
BP2 0.01 18
BP3 0.01 17
BP4 0.01 20

Average 0.01 17

Air 0.0160 BP2 0.17 135
203 0.08 112
BP4 0.18 137

Average 0.14 128

"3 Air 0.0082 1.75 2.5 BP2 1.02 100
BP3 0.88 98
BP4 0.85 101

Avwrage 0.92 100

4 Air 0.0048 3 4 BP3 92.1 62
BP4 69.0 64

Average 124.0 63

5 Air 0.0040 3 3 BP1 25.2 68SBP2 4.62 63
.•Average 14.9 66

,6 Air 0.0032 3 3BP2 133.5 67
BP3 64.6 50

SBP4 20.1 52
60Average 72.7 56
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Complete data records obtained in the element tests are presented in this

appendix. Sign conventions are as follows:

1. Positive measirements of acceleration and deflection indicate motions

that are vertically down except for floor accelerations, which are positive

upward.

2. Positive values of interface pressure indicate soil pressures toward

the structure.

3. Positive values of airblast pressure (dynamic tests) or water pres-

sure (static tests) indicate downward pressure at the soil surface.

4. Tensile strains are positive. Compressive strains are negative.

5., Positive load cell measurements indicate compression in the steel

columns.

Labels on the dynamic test data plots are explained as follows:

1. Line 1: Test name.

2. Line 2: Gage numbers.

3. Line 3: Digitization rate, baseline shift, and calibration peak.

4. Line 4: Filter option (blank implies no filter).

5. Line 5: Bookkeeping data.

Labels on static test data vary, with Line I being the test name and

Line 2 beiag the gage number.

Data summnries are included fcr the dynamic tests in Table 8.1 and for

the static tests in Table 8.2. Data plots for each test follow Tables 0.1 and

8.2. For the dt-nAuic tests, data are plotted with time as the abscissa. For

the static test!, data are plotted with reference pressure as the ordinate.
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Table B.2. Data summary for the static tests.
The refarence pressure channels (P1 and P2) were not recorded on Test Si.
Therefore, all data was plotted with Gage SE1 as the reference pressure. MR
a not recovered, US = not shown, MU = not used. Numbers indicate the page
number in this appendix on which each. recovered data record can be found.

Test Test
pGage Si S3 S4 S5 S6 S7 Gage Si1 S3 S4 S5 S6 S7

P1 MR MS NS MS NS MS E01 278 286 293 301 309 WR
P2 MR NS NS NS NS NS EII 278 286 293 301 310 317
SE1 270 MR MR 297 305 314 £02 MR 287 293 301 310 317
SE2 270 MR MR 297 306 314 £12 278 287 294 301 310 318
"SE3 271 284 MR 297 306 314 E03 278 MR MR 302 310 318

SE4 271 284 MR 297 306 314 £13 279 287 MR MR 311 MR
SES 271 NU MR 298 306 MR E04 279 287 294 302 311 318
SE6 271 NU 291 298 MR 315 £1A NR MR 294 302 311 318
SE7 272 NU NU NU NU NU E05 279 288 294 302 MR 319
Dl 272 285 291 298 307 315 E15 279 288 295 303 MR 319
D2 272 MU NU MU MU NU E06 280 288 295 303 311 319
IFI 272 291 298 307 315 £16 280 288 295 303 312 319
IF2 273 292 299 307 315 £07 MR 289 295 303 312 320
IF3 273 MR 299 307 MR £17 280 289 MR 304 312 320

MIF4 R 292 299 308 316 E08 MR 289 296 304 312 MR
IF5 MR MU 292 299 308 NR £18 MR 289 296 304 NR MR
IF6 273 285 MR 300 308 316 £09 MR 290 MR 304 313 320
IF7 273 285 292 300 308 316 £19 280 290 MR 305 313 320
IG8 274 285 M3 300 309 316 £010 281 290 296 305 313 321
IF9 MR 286 MR MR 309 317 E110 281 MR MR MR 313 MR
IFIO 274 286 MR MR MR 317 E011 281 290 296 MR MR 321
IF11 274 MR 293 300 309 MR £111 MR 291 MR 305 MR MR
IF12 274 MU MU MU MU MU E012 281 M MU MU MU
IF13 275 £112 282
IF14 275 £013 282
IF15 275 £113 282
1F16 275 GTI 282
IF17 276 GB1 MR
IF18 276 GT2 283
IF19 276 G82 283
I F20 276 GT3 283
IF21 277 C83 283
1F22 277 GT4 284
LC1 277 t G34 284
LC2 277 NU MU MU MU NU

4,
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FEMA ELEM TEST 0-1 FEMR ELEM TEST 0-1
El-I IEO- 12
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FEMA ELEM TEST 0-I FEMR ELEM TEST D-1
GB- I GB -2

200000. HZ CAL= 2084. 200000. HZ CAL= 2084,
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FEr~R ELEM TEST D-1 FFiMq ELEM' TEST 3-1
GB-3 G T- 4
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FEMR ELErI TEST 0-1 FEM1R ELEM TEST D-2
L C -2 Bp- I
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N FEr1Q ELEM TEST 0-? FEMA ELEM TEST 0-2
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r5C~CO. m-Z CAL= !3. S0010. HI CqL= 257.9
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FEMQ ELEM TEST 0-2 FEMA ELEJ, TEST D-2
SE-6 SE -7
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FEMA ELEM TEST 0-2 FEq FLEM TEST -2
IF-6 IF-9

50000. HZ CAL: 215.3 20C'OS . HZ CAL: 129.1
LP414 01 CUTOFFS Zi@. •1 LP4,'SO (T€ fP- $ :. "I
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FEMR ELEM" TEST 0-2 FEMA ELEM TEST 0-2
IF-16 EO-1
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FEMA ELEM TEST D-2 FEMP ELEM TEST 0-2
EI-2 EO-3
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FEMA ELEM TEST 0-2 FEMA ELEM TEST 0-2
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FEMR ELEM TEST 0-2 FEMR ELEM TEST 0-2
EI-7 ED-B

200000. HZ CAL= 10276. 200000. 4Z CAL= 39162.
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FEMR ELEM TEST D-2 FEMP ELEM TEST D-2
EI-9 EO-1O

200000. HZ CR1.= 20205. 200000. HZ CAL= 20205.
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0P4/0 ?{ CUTOFFs *O00. oil 50000. HZ CAL: 39162.

LP4/4 7M2 CUTDFP* 210 NHZ
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FEMR ELEM TEST 0-2 FEMiR ELEN TEST 0-3

50000. HZ CAL= 39162. 200000. iIZ CAL= 291.3
1P4/4 70% CUTOFF. 2250. "12

444% 19 011147/0 3133 01111116,, '!'
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FEMq ELEM TEST 0-3 FEMR ELEM TEST D-3
SE-i SE-2

'200000. HZ CAL: 191.5 200000. HZ CAL= 130.9

a o 2,

I I y

S',, "2~ _. .....

""S . i - . 0. 2S )S.. 40. 4S So. 0 . . .

4•+ TIME !N IEC 
TIME a.

FEMR ELEM TEST 0-3 FEMR ELEM TEST 0-3
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3' '

,,[ 1 ,, AA-/<

io. is zo s S 0 s o i. :. - A W 4. 4. S

. Tl4IME MEC T3M IN MSEC

+ ';+•161

- - - - -- - - - - - - - - - - - - - - - - - -

*\



FEMP ELEM TEST 0-3 FEMR ELEM TEST 0-3
AsSE-b SE-6

200000. HZ CAL= 81.80 200000. HZ CAL= 196.2
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FENRq ELEIM TEST D-3 FEtIR ELEM TEST 0-3

20000.HZCAL 18.7200000. HZ CAL= 104.6

20000.---CL=-00.
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FEMR ELEM TEST 0-3 FEMR ELEM TEST 0-3
IF-3 IF-4

200000. HZ CRL= 247.0 200000. HZ CAL= 245.7

IS424. Is 4711/ifl111ot$ 44-Is :7/it/11 ROM1

- 0

-o . IS . .0 s o s s s . M m 0 s 8 s o
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FEMR ELEM TEST 0-3 FEMP ELEM TEST 0-3
IF -7 IF-8

2000001. HZ C -,: 128.5 200000. HZ CAL= 85.40

I- F -

Eoi

:•I~ ~~~~ J , 2! lJ
Isi 4 1. 1 Tit.~ z, Ar . Is 4. 4%. IA.

.1TI 1. "i *3

Time( I M5
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Z.... ...
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FEMR ELEM TEST 0-3 FEMR ELEM TEST 0-3
IF-I1 IF-12

200000. HZ CRL= 52.80 200000. HZ CRL= 124.4
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---------- - ---- , . -.S 3. I N. 4. . 4S1. 11. S ,. . ZI. zs. W5. 40. 4 s. so.

lIlt IM fSEC flmr It U [C

FEMR ELEM TEST 0-3 FEMR ELEM TEST 0-3
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FEMR ELEM TEST 0-3 FEMR ELEM TEST 0-3
! F-16 EO-I

"200000. HZ CRL: 125.1 200000. HZ CAL= 20205.
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z- *4a

"" - i ýs
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FEMR ELEM TEST 0-3 FETMq ELEM TEST 0-3
r -1-2 EQ-3

200000. 4Z CAL= 20205. 200000. MZ CRLz 10276.
LP41O 70% Cutoff. 9000. "I IP./0 70 cutoff. 9000. "1

194". 4 W1,114,011 "lie1- ~ 7LIt4l
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E-
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FEMP ELEM TEST 0-3 FE-q ELEM TEST D-3

EO-5 E 1-5

200000. HZ CAL = 20205. 
50000. HZ C AL= 20205.

L P 4 / 4 7 0 4 C 4 TlFr- rF 2 2 5 0 " 1

"" 3. vs 4 1 5 
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FE;r'n ELEM. TEST C-3 FE MR ELE M TEST 0-3
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5000 ' HZ " '- 2 '205 - 50000. H I C A:L = 20205.

LP4/4 7U% CUTOFF. ?250, "1 LP4.14 "IOX CUTO~fi 22SO. 014

117s 11, "11# Ia146 s olfl I

oi

-I
S, i• - 'o • - , .8. ,; :

00000 HZtw Is L 21205 
50 00 HZNZI CR 20205

P44 O~ ~TOFs??3.MlLP,47O 
CT~~.169..4



FEMR ELEM TES T 0-3 FEMF) ELEM TEST 0-3
EO-7 EI-7

200000. HZ CAL= 10276. 200000. HZ CAL= 10276.
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FEMIR ELErM TEST 0-3 FEMR ELEM TEST 0-3
EO-9 El-9
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- -r-=- - - - - - -

o Ia

s 1S .0 $- -W I- -4. 1. I -4 a I i. IS ZP 2- W -6 40 4- W.

o~~n 1"K tor " 1 00 -.. . . . . . . .

E01 EO

5000 41 CAL 127.000. HaCL 107 .

4s. 6. 4.1s. n. 2 . A. M. 648. 46. so.

T~lE II N~lCTI~ IN miSC

pa iM A lii S I l o •4 1•f-la • "ia we to si II• caKwlit•l

FEMR ELEM TEST 0-3 FEMA ELEM TEST 0-31EO-IO ED-IL
50000. HZ CRL: 10276. 50000. HZ CgL= 10275.

1P4/4 702 CUTOfFF 2"1.0. NIl LP414 TO0( CUTOFF=; 2250. '11

2.4-I , 61t41 IS

1141- U/i/W MI

191



FEMA ELEM TEST 0-3 FEM: ELEM TEST C-31
EI-II BP-I

200000. HZ CAL: 10276. 200000. HZ CAL: 291.3
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FEMR ELEM TEST 1l-3R FEMR ELEM TEST 0-3R
SE-I SE-2

200000. HZ CRLZ 191.5 200Z00. HZ CRL= 130.9

Il 1 1 I,,.

"" I

FEMR ELEM TEST O-3A FEMR ELEM TEST O-3R
SE-3 SE-4
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FEMA ELEM TEST 0-3A FEMR ELEM TEST D-3R
SE-5 SE-6

200000. HZ CAL= 81.80 200000. HZ CAL= 196.2
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• • ]:! FEMql ELEM TEST 10-31R: FEMRI ELEM TEST D-3RI

S200000. HZ CAL= 245 -200000. HZ CAL= 246.7

175

0 * -.- ---

" _it

... i :- - - -



FErIR ELErI TEST O-3R FEM1R ELEM TEST 0-3P1
IF -3 IF -4

2100000. HZ CAL= 247.0 200000. HZ CRL= 245.7
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FEMR ELEM TEST 0-39 FEMR ELEM TEST 0-3P
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IF-15 IF-16

200000. HZ CRL- 124.B 20000U. HZ CAL= 126.1

:3s- '7t~-

* .... I .

I II I -iIHze CA- /,0i 000 H A=225179,

:1 --° - -:I I/

S= % •. :l ,:J • l. • l • •+' " 3. 1S 8. .• 18. f'l. 401. 41 .13

•+.'I'pV !M •1t T•P'4 INa PR5r

JF r' Ei.r. TEST £-3,• FE~1R ELEM TEST D-3R

%•- 5SS. HZ Cla!: 7'25 200000. HZ CR!L= 20205.
S.4;4 ri 'l C,.:T•¥f F Z?. zz • " LPill' "721 C1tJIVlls m0oo.

S. S.,

.2 i1"1- I .l4i.'t *. 37 lIl IWrlU- I 7i44/91 ElSIil

I"1 + 1 J:

"-___!_!i -t- I-t, -i

4.- !' -i4--.--- .-4.--.-.-/ -" - - -

N..+ .+ 10 4, . ,,_- . i I . . 3. 3. * 1 6
J'2.I' uh , N M+ C TIH '._ U"

". . Pt+lll i g 1 507 IWE,. SIS_?I' PWVUU1, !wm+mIrn3I
+ +,179

I . 1~ 4r- .•, !

I. :l -f•,•7 +•+



FEMR ELEM TEST D-3R FEMR ELEM TEST D-3R

EO-2 EI-2
200000. HZ CAL.= 20205. 200000. HZ CRL= 20205.

Q A

TIM , 

fill is. -,A--
!i• 

, 
• ....

LIP" " I 

" i 
'"

.l¶ 
I. 

I '. 4 U

SFEM 

Pq ELEM TEST D-3 
R 

FEMPI ELEM TEST 
O-3R

SE 
U-3 

E!"

/"200000 

. HZ C RL: , t02"/6. 

200000. 
Ill C RL= 102 

7/6.

S. form-

W'W 
6 3,4*al 

@2•

,,A

L'>-Ze 
s ,,1, 

-

;.. 

- 0•

, [41
.. prn yn." " ~ '~"180

" 3. 
•o 

s. ,o . •,g. , 1. 
31• .

31. @. 4,, .
34. 

'?. 
.6. 41. 21 , . . . 4

I"'



FEMq ELEi TEST 3-3; FEMP ELEM TEST 0-3R
EO-4 EO-5

50000. H? CAL= 2 C' 200000. HZ CAL: 20205.

* '4A

-. t V , IA i-7 . n 4. - .4s

:..IRE -% RU , , I nc I !u RUE

E ELEM TEST G-1P FEN• ELEM TEST 0-3P
S4- 5 -0-6

H:Z- :w L 2,205. 500C.. HZ CAL= 20205.

1 ...... I l ei~b- t a~~ 'N !I C~ia i

-P/ EMCUOF,?MS

I Il l

I I i lo Tim IN RUE

PIN~~~~ ~ ~ ~ ~ Mua 16% wweM141"n kAa IS N I MKI C.I'ISAI1 .1

181



FEMA ELEM TEST D-3J FEMP ELEM TEST D-3R
EI-s EO-7

,'50000. HZ CAL= 20205. 50000. H: rAL= 10276.

LP4/4 70% CUTOFF= 2250. $0 IP4/4 70% CU*.r?. 22SO. II!
44 ;Oi IS tS i ' 1 4• 1 IGLOO Z137- 11 U./1f! I110

* ,

t-t-
'A I I I i i fl %,14

.. .i ... .

o. * .I. . ,v q• U. .. 6 41.44. 1.48. A. 5.

FEmq ELETm TEST D-3q FEMq ELEM TEST 0-3R
El -7 EO-8

50000. 41 CAL: 10275. 200000. HZ CRL: 20205.

8415£ I mets a Men84 8 1W 3 ofuZIW Wile

* -4. --
•:-/ I !I a

* 1.A

le. 6.6 . 2%. A. M. so 404. To S.. f. I. to. N. se. M. 49. 49. U.

I'P f P W Ill 10 1 kfMt CLINNIIM

182
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IF-5 IF-6

200000. HZ CAL= 253.5 200000. HZ CAL= 109.8

4 1 343" II 07/Il/fl 1131 1.414. Ii 07113 1 R110111

E IN S I

IF-7 
.I..

- -- -- I - I

*1 - 0
1. ,0 

/ / ,14l 0 •. 0. i$. 0. •;. 10. 31. 40. 43. S0. 0 . 0. 111. Z.. 13$. 310. 31. 4. 4. 1.12'TIME IN ISEC riflE II lIsz

K." IF - 7/ IF - B

.%- 200000. HZ CAL= 128.5 200000. HZ CAL= 131.0

1 
Ad

144l41* II 0711/12~l IOIIt 14043- 241 07/l13/1 0111

A

.. ..... 
....

0 S.

[ -- -189

-'I '.



%

FErMA ELErM TEST 0-36 FEMR ELEM TEST 0-38
IF-9 IF-1O

200000. HZ CPL: 84.10 200000. HZ CRL= 83.00

Ia. I S !.S. s.

" T I ME I N MS E. C 
T IM E I N M $ [ C

""FEM ELEM TEST 0- FEM ELEM T EST 0

I F - I I 
IF - 12

200000. HZ CAL= 84.80 200000. HZ CRL= 164.7

"-"14043.- 2 0 7/1/11 "191 
1464 3 14 0 7111 QOI0

TME IN, 
/ TIME I - --

n 'e.... . . "
VI. 

a -.

.- - I

190

- .O0 A



FEMq ELEM TEST 0-33 FE~q ELEM TEST 0-3B
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FFMR ELEfI TEST 0-5 FEMR ELEM TEST 0-5
EI-5 EO-6

50000. HZ CAL= 6768. 50000. HZ CAL= 6768.
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EI-B EO-9
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FEMR ELEM TEST D-E FEMR ELEM TEST 0-6
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FEMA ELEM TEST 0-6 FEMA ELEM TEST D-6
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FEMR ELEM TEST 0-6 FEMR ELEIM TEST 0-6
IF-12 IF-13
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FEMR ELEM TEST 0-6 FEMR ELEM TEST 0-6
IF-16 EO-1
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FEMR ELEM TEST 0-6 FEMR ELEM TEST 0-6
El -2 EO-3

200000. HZ CAL= 10276. 50000. HZ CAL= 10276.
LP4/4 70( CUTOfFz 2250. "4Z
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EO-4 EO-S
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ME --1- 04i/ 0W4 ls* *9

V IV

1A A
I - - - - - - - - I I

Lo. -S -0 s- so-o 1 o t s 0. S 4 0 6 O

TIEI ME IE N"i

50000.~~I H-CL 225

So, on we

442 -4S -IIS 42W - 44 S IS O

1. i. i. :. 0 0 . 40. 46. is. ~ . ,1 . i s. I 0s. M N It . 4. 40. a. ~
TIM INm RmEa TIME IN R aaam..* S S.E wilm

PEAK EALUEMI f w TESTll 0-6 FMAN MELE0 M TESTfo S-o

EO-8 EI-242
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FEMA ELEM TEST nl-7 FEMR ELEM1 TEST 0-7
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FEMA ELEM TEST 0-7 FEMP ELEM TEST 0-7
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FEMR ELEM TEST 0-7 FEMR ELEM TEST 0-7
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FEtIR ELEM1 TEST 0-7 FEMR ELEM TEST 0-7
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